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Abstract 

 
Climate change is one of the greatest challenges we face, requiring global measures and 
strategies to stabilize the planet's surface temperature to avoid irreversible damage. To this end, 
the EU has proposed an integrated package of measures on climate change and energy that sets 
new and ambitious targets for 2020 and 2030ll countries belonging to the EU have committed 
to meet the following targets. Spain is immersed, within the European framework, in an 
energetic transformation with emission reduction targets of GHG and decarbonization of the 
economy, ensuring supply and economic growth of Europe. The effort to achieve its reductions 
is divided into two large blocks: emissions from the most energy-intensive sectors and from 
other sectors knonwn as “diffuse”. Within this last group, the residential sector is included. A 
total of 43 measures have been analysed and proposed for these less emissive sectors. Apart 
from state plans for building reform, there are no proposals for the renovation of appliances. 
 
This project sets an alternative way for the Spanish state to reach its short and long term 
objectives. In view of the foregoing, the objective will be to analyse the implementation of a 
plan to renovate electrical appliances in Spanish homes by 2015. To this end, older and/or less 
efficient equipment would be replaced by those with the greatest energy efficiency.  
 
This action plan justification is detailed in chapter 3, in which Spanish energy poverty 
experienced during the reference period is analysed, as well as the need to improve the 
country's economic and industrial activity.  
 
Our work begins by studying the electrical demand (chapter 4) according to the final use that is 
made by sectors. For this purpose, the exogenous open-soruce model DESSTINEE has been used 
to model and project the demand of European countries by introducing the data required by the 
programme. 
 
In the following chapter, once we know the hourly electricity demand broken down by sector, 
we seek to simulate electricity generation according to the energy sources available in 2015. 
Another open-source tool named CALLIOPE has been used, which uses a code written in Python, 
whereby we have simulated two models:  

 Scrappage plan potential (hereinafter also referred to as model 3.1). In this first model 
we will analyse the potential of our proposal: the effect of a completely substitution for 
high efficient appliances. Through this scenarario we ar able to understand and be 
acknowledged of our limits. 

 Fridges and Freezers penetration, also named in the next chapters as model 3.2. We 
simply study how would change just the substitution of fridges and freezers. The reason 
why this model is proposed is that both devices have the highest consumption, their 
demand is very constant during the day and have the highest purchase price ratio: 
consumption. 

 
By an Input-Output Analysis developed in chapter 7, the implementation of both models will be 
performed and then assess. We previously discuss and obtain the modifications introduced for 
both proposals in chapter 6. Finally, in chapter 8 we discuss whether the suggested project 
would help or not to meet the Spanish objectives for 2020. 
 
 



 
 

 



 
 

Resumen 

 
Durante la vigesimo primera Coferencia de las partes (Conference of the Parties, COP 21) llevada 
a cabo por las Naciones Unidas, en diciembre de 2015, los países participantes firmaron el 
Tratado de París por el cual se estableció un marco global para combatir el Cambio Climática con 
objetivos para el 2020 en adelante. Este acuerdo buscó promover la transición hacia una 
economía global de bajas emisiones y resilente al cambio climático. El Acuerdo de París, además, 
exige a todas las partes que hagan todo lo posible a través de “contribuciones determinadas a 
nivel nacional” (NDCs) y que redoblen estos esfuerzos en los años venideros, esbozando su 
acción climática posterior a 2020. Para 2050, la Unión Europea (UE) quiere reducir 
sustancialmente sus emisiones (en un 80-95% en comparación con los niveles de 1990), uniendo 
así sus esfuerzos a los de todos los países desarrollados. A estos efectos, estos centros nacionales 
de datos pueden clasificarse como promesas incondicionales o condicionales dependiendo de si 
son obligatorias o no, respectivamente. Dentro de este primer grupo de compromisos, todos los 
países pertenecientes a la UE se han comprometido a cumplir los siguientes objetivos [10,12]. 

 Principales objetivos de la UE para 2020 (también conocido como “20-20-20”) 
Reducir 20% de las emisiones de gases de efecto invernadero con respecto 1990.  
20% del consumo total de energía procedente de fuentes renovables.  
20% de aumento de la eficiencia energética.  

 Principales objetivos de la UE para 2030  
Reducir 40% de las emisiones de gases de efecto invernadero con respecto 1990.  
27% del consumo total de energía procedente de fuentes renovables.  
o 27% de aumento de la eficiencia energética.  

 
De 2013 a 2020, España y otros Estados miembros tendrán que seguir una asignación anual de 
emisiones establecida en la Decisión 2013/634/UE. A ello hay que añadir el hecho de que España 
se enfrentará a una reducción del número de derechos de emisión subastados, superior al 40%, 
y la generación de electricidad dejará de recibir derechos de emisión gratuitos. Para los sectores 
en los que los derechos de emisión seguirán regalándose gratuitamente, como la industria 
manufacturera y los sectores de la calefacción, se aplican normas de asignación armonizadas, 
basadas en parámetros de referencia a escala de la UE sobre el comportamiento de las 
emisiones. De 2021 a 2030, el número de prestaciones se reducirá en un 2,2% anual. 
 
Por otra parte, las emisiones de GEI asignadas a España en los sectores no cubiertos por el RCCDE 
fueron de 221 MtCO2en 2013, que se reducirán a 209 MtCO2en 2020 de forma lineal. Estas 
asignaciones anuales de emisiones marcan, en términos de unidades de dióxido de carbono 
equivalente (CO2eq), los límites anuales de emisión para cada Estado miembro. 
 

2014 2015 2016 2017 2018 2019 2020 

220.903 219.144 217.384 215.625 213.866 212.107 210.347 

 
 
El esfuerzo para lograr estas reducciones se divide en dos grandes bloques.  

 Por un lado, las emisiones de CO2 de los sectores más intensivos en energía (industrias 
de generación y refino de electricidad, siderurgia, fabricación de cemento, papel y 
cartón, vidrio, productos cerámicos, etc.) que están incluidos en el régimen europeo de 



 
 

comercio de derechos de emisión creado por la Directiva 2003/87/CE. El objetivo para 
estos sectores es conseguir, respecto al año 2005, una reducción de sus emisiones del 
21% en 2020 y del 43% en 2030 [12].  

 

 Las emisiones restantes están excluidas del ámbito de aplicación del comercio de 
derechos de emisión, con un objetivo específico de reducción, establecido en la Decisión 
nº 406/2009/CE (Decisión sobre el reparto del esfuerzo). Este objetivo corresponde a 
una reducción de las emisiones de GEI de la Comunidad del 10 % para 2020 y del 26 % 
para 2030 en comparación con 2005 [24].  

 
Este último bloque está formado por los denominados “sectores difusos”, que son los siguientes: 
residencial, comercial, institucional (SIC); transporte; agricultura y ganadería; sector de residuos; 
gases fluorados e instalaciones industriales no sujetas al comercio de derechos de emisión. Se 
han analizado un total de 43 medidas, repartidas en los 6 sectores, para reducir 54 MtCO2 a 
2020 y 122 MtCO2 a 2030. Dentro del sector residencial, no encontramos ninguno de renovación 
de electrodomésticos. 
 
Son necesarias inversiones del orden de 27.000 M€ tanto públicas como privadas hasta 2020 
con un ahorro del orden de 21.000 M€ que se extienden más allá de 2020 hasta alcanzar los 
62.000 M€ acumulados hasta 2030. El objetivo de estas medidas es generar una media anual de 
45.000 puestos de trabajo. Dentro del sector del ICR, el sector del transporte necesitaría 8.600 
millones de euros y la industria 1.900 millones durante el mismo período. La renovación de 
edificios también requeriría la mayor inversión (casi 16.000 millones desde 2013 a 2020), lo que 
daría lugar a los siguientes resultados:  

 ahorro de 494 millones anuales de 2014 a 2020 (3.500 millones de euros en total)  

 50.000 nuevos puestos de trabajo en promedio en los sectores difusos, entre 2014 y 
2020. Cifras variables según años  

 2,79 MtCO2 en residencial y 2,25 de 2015 a 2020 se mitigan de 2014 a 2020.  

 145 TWh de ahorro de energía primaria y 54 TWh de fósil a renovable.  

 Ahorro desde 2014 hasta 2020 de 5.612 GWh/año, incrementando anualmente. 
 
Por todo lo anterior, el objetivo de este proyecto consiste en estudiar y analizar los impactos a 
nivel nacional que supondría la implementación en el año 2015 de un plan de renovación de 
electrodomésticos en España dirigido al sector residencial. Mediante este plan los 
electrodomésticos de mayor consumo eléctrico (frigoríficos o combis, congeladores, Lavadora, 
lavadoras, secadoras de tambor y hornos) serán sustituidos por otros que posean la mayor 
eficiencia energética posible: A+++ excepto en el caso de hornos que será A+ por la inexistencia 
de unidades con etiqueta A++ o A+++.  

 

2. Justificación y Motivación del Proyecto 

 
Nuestra elección se ha basado en varios indicadores que se detallan a continuación, además de 
una amplia consulta bibliográfica sobre las recomendaciones proporcionadas por distinguidas 
asociaciones internacionales y varias organizaciones españolas. 

 

2.1 Pobreza Energética 
  
La primera medida de pobreza que evaluaremos por la literatura es el índice de recuento 𝐻𝐼𝑚: 
 



 
 

𝐻𝐼𝑚 =
𝐻𝑚

𝑁
 

 
donde H es el número de personas pobres, N es el número total de personas en la economía, y 
m es el límite de identificación para el número de dimensiones a considerar, dentro de un 
número de dimensiones D consideradas relevantes para medir la pobreza energética [53]. Para 
las tres dimensiones se han asignado diferentes pesos, lo que da más importancia a la capacidad 
de mantener la casa adecuadamente caliente. Así, un vector w para los respectivos pesos de las 
tres dimensiones puede escribirse como w = (2; 0,5; 0.5). Por lo tanto, el límite elegido es m = 2, 
que considera pobre a cualquier individuo privado al menos en la primera dimensión. En este 
caso, los resultados proporcionados en [53] son que el 10,56% de los españoles (4,85 millones 
de ciudadanos) padecen pobreza energética según este enfoque.  
 

2.2 Precio de la Electricidad 
 
El análisis comparativo de precios se llevó a cabo utilizando unidades de estándares de poder 
adquisitivo (Purchising Power Standards, PPS). Se trata de una unidad teórica, basada en el euro, 
que calcula Eurostat y con la que proporciona datos sobre los precios de los bienes y servicios 
en los estados miembros de la UE corregidos en función de los niveles de precios y salarios de 
cada país. De este modo, una unidad de PPS permitiría adquirir la misma cantidad de bienes y 
servicios en cualquier país de la UE. Así, España fue el cuarto país con la electricidad más cara 
después de Portugal, Alemania y Rumanía, si nos fijamos en los precios con todos los impuestos 
incluidos; en el caso de los precios antes de impuestos, España fue el Estado miembro con la 
electricidad más cara, seguido de Polonia. 
 

 
 

2.3 Industria de los electrodomésticos 
 
Con el fin de reactivar el sector, tres de los principales empleadores del mercado - ANFEL 
(Asociación Nacional de Fabricantes e Importadores de Electrodomésticos), ANGED (Asociación 
Nacional de Grandes Empresas de Distribución) y FECE (Federación Española de Comerciantes 
de Electrodomésticos) - pidieron al nuevo gobierno que reactivara los programas de renovación 
de los electrodomésticos a través del Instituto para la Diversificación y el Ahorro de la Energía 
(IDAE), tal y como ocurrió entre 2006 y 2011. En 2015, en España había unos 30 millones de 
electrodomésticos con más de 10 años de antigüedad [64].  
 
A la luz de los resultados obtenidos y de las recomendaciones disponibles en fuentes relevantes 
dentro del campo energético a nivel internacional y nacional, la propuesta estudiada puede ser 
una alternativa para que el Estado español alcance sus objetivos a corto y largo plazo. 



 
 

3. Metodología y Desarrollo del Proyecto 

 
Para analizar el impacto que puede presentar la introducción de electrodomésticos eficientes 
en España en términos de emisiones de gases de efecto invernadero, mejoras energéticas y 
precio de la electricidad, entre otros, el proceso llevado acabo se explica a continuación. En la 
imagen que se muestra se presenta un diagrama de flujo del proceso a seguir. 

 
 

1. Sabemos que la introducción de electrodomésticos eficientes implica ahorros 
energéticos en el consumo de la electricidad de los hogares. 

2. La disminución en el consumo eléctrico de los hogares cambiará el perfil de demanda 
horario total en España. El estudio de la demanda eléctrica por sectores y sus cambios 
asociados se han realizado con el modelo DESSTINEE. 

3. Una vez se obtiene la nueva demanda eléctrica, hora por hora, analizamos cómo 
cambiaría el mix de generación en el territorio español. Por tanto, tanto el precio como 
el perfil horario de generación también cambiarán. La modelación de la generación 
eléctrica se ha realizado con el modelo CALLIOPE, un software libre que implementa un 
código escrito en Python. 

4. Finalmente, una vez hemos reunido toda la información en cuanto a la demanda y 
generación energética, incluiremos la inversión requerida en electrodomésticos, así 
como otros cambios para conocer el impacto en varias magnitudes de interés. Para ello 
se ha realizado un “análisis de impacto” (Shock Analysis) empleando un modelo multi-
regional de entrada y salida (Multiregional Input-Output Model, MRIO). 

 

 

3.1 Plan de Renovación de Electrodomésticos: 2 Modelos  
 

Para analizar el impacto del plan de renovación, se han analizado dos modelos o escenarios: 
1. Modelo de renovación total (Modelo 3.1): cada aparato del sector residencial será 

sustituido por su correspondiente sustituto de alta eficiencia. La implementación de 
este modelo llevaría a reducir el consumo electrodoméstico residencial de 25. 801 GWh 
a GWh. En 2015  

2. Modelo de renovación de frigoríficos y congeladores (Modelo 3.2): sólo se sustituirán 
estos dos tipos de electrodomésticos. Las razones que subyacen a esta propuesta son 



 
 

que estos aparatos tienen los perfiles de demanda de energía más altos y más planos, 
por lo que su demanda se satisface principalmente con tecnologías básicas, que son 
tecnologías no renovables o emisoras de carbono. No obstante, el consumo pasaría a 
ser de 16.592 GWh, mayor que en el modelo anterior. 

 
A continuación, se detalla las inversiones y ahorros de ambos modelos. 
 

 Nº Unidades 
Precio 

[€] 
Inversión TOTAL 

[M€] 
Consumo 

[kWh/año] 
Consumo TOTAL 

[GWh/año] 

Frigorífico 19.692.925 1.020 20.087 230 4.527 

Congelador 4.327.445 619 2.679 180 779 

TOTAL 3.2 24.020.370 1.639 22.766 410 5.306 

Lavadora 18.959.220 540 10.238 182 3.453 

Lavavajillas 10.296.723 1.045 10.760 188 1.937 

Horno 14.485.441 705 10.212 162 2.344 

Secadora 5.205.586 845 4.399 109 569 

TOTAL 3.1 72.967.340 4.774 58.374 1.051 13.610 

 

 

 

3.2 Modelización de la Demanda Eléctrica 
 

El Consumo Final Total (Total Final Consumption, TFC) de electricidad en el modelo DESSTINEE 
se calcula como una suma de perfiles anuales de los sectores industrial, residencial, comercial y 
ferroviario. Cada sector, simultáneamente, se calcula como la suma de los perfiles anuales de 
los usos finales, que se desglosan en el siguiente cuadro con las correspondientes demandas de 
electricidad en TJ. Los principales resultados que se pueden leer son que, según la IEA:  

 El TFC eléctrico en 2015 fue de 236.050 GWh.  

 Las pérdidas de transmisión y distribución resultaron en 3.720 + 21.056 = 26.504 GWh  

 La demanda en barras de control (en adelante, demanda b.c.) fue 248.047 GWh. 
 

 
Usos finales por 
sector 

Industrial Comercial Residencial Carretera Ferroviario Pérdidas 
Perfil 
conocido 

Industria Pesada 179.000 - - - - -  v 
Industria Ligera 97.000 - - - - - - 

Calefacción - 27.975 31.860 - - - - 
ACS - 17.282 16.654 - - - - 
Climatización - 100.098 6.174 - - - - 
Luz* - 115.735 197.567 - - - - 
Trabajo - 28.177 - - - - - 

Pasajeros - - - 0 14.666 - - 
Mercancías - - - 0 5.430 - - 

Transmisión & 
Distribución 

- - - - - 95.417  v 

Luz*: incluye iluminación y consumos de electrodomésticos y equipos electrónicos 

 
 
 
 



 
 

3.2.1 Perfiles 
 
Cada sector está representado por diferentes perfiles de agenda en función de la temporada del 

año, y aunque se trate de un día laborable o de un fin de semana. Estos perfiles constituyen la 

columna vertebral del perfil anual, y luego se modifican en función de las condiciones 

meteorológicas, los días festivos, etc. Algunos sectores tienen incluso perfiles separados para 

los días laborables y los fines de semana, y para el invierno y el verano. Los valores se normalizan 

a un punto arbitrario, por lo que la demanda total para ese sector se deriva de la demanda total 

de TJ para ese sector (tomada de la hoja anual). En consecuencia, con la excepción de la industria 

pesada y las pérdidas de energía, se han utilizado perfiles normalizados para modular la 

demanda española.  

 

El modelo DESSTINEE consta de un gran número de funciones que integran un código totalmente 

complejo y extenso, agrupado en 7 módulos. Esto se debe a que no sólo calcula los perfiles de 

demanda de España, sino que también los genera para todos los países de la UE, si se desea, 

además de crear un nuevo archivo que recoge toda esta información. A modo de explicación, 

revisaremos las subrutinas que calculan los perfiles por sectores explicando uno a uno los 

cambios y funciones que se aplican para poder generar, a partir de los perfiles estándar 

mostrados anteriormente, la demanda horaria acumulada para el año 2015 en España.  

 Reducción de fin de semana (Weekend Reduction): se aplica a perfiles de potencia 

comerciales y residenciales. Este parámetro reduce en un 20% cada hora la actividad 

relativa a los fines de semana.  

 Cambio matutino (Morning shift): se aplica a los perfiles de potencia comercial y 

residencial. Esta es una función que adelanta o retrasa la hora durante la mañana: si el 

turno de mañana = -1, entonces adelanta la mañana en una hora de 2 a.m. a 2 p.m. (por 

ejemplo, el valor del perfil a las 3 a.m. tendrá el valor de 4 a.m.).  

 Cambio nocturno (Evening shift): se aplica a los perfiles de potencia comercial y 

residencial. Esta es una función que adelanta o retrasa la hora entre las 2 de la tarde y 

de la mañana 

 Intensidad verano/invierno (Summer/Winter intensity): se aplica a perfiles de potencia 

comerciales y residenciales. Esta función ajusta los perfiles sólo para la iluminación: 

toma los valores normalizados de las curvas de iluminación normalizadas por país para 

aumentar/reducir la cantidad de luz en los días de verano/invierno. Para el verano se 

supone que la iluminación se reduce en un 50 % en comparación con los días de invierno.  

 HDD diario (Daily HDD): se aplica a los perfiles de calefacción, es decir, a la calefacción 

de espacios y agua caliente. Es una función que produce un vector diario de HDD para 

cada día del año (365 valores): toma la temperatura de la base de calefacción de cada 

país, marcando la diferencia entre la temperatura del país a una hora h determinada 

para el día d, de modo que suma estas 24 diferencias para un día. El resultado se divide 

por 24 para obtener un HDD equivalente.  

o La temperatura base es la temperatura exterior que se establece cuando el 

edificio necesita calefacción o refrigeración. Si la temperatura exterior es más 

alta que la temperatura base, el sistema de calefacción del edificio no debería 

tener que funcionar para mantener la temperatura interior deseada. En caso 

contrario, el edificio necesita calor. Lo mismo ocurre con la temperatura base 

de refrigeración.  



 
 

 DDC diaria (Daily CDD): se aplica al perfil de enfriamiento (residencial). Es una función 

que produce una matriz diaria de DDC para cada día del año (365 valores), siguiendo un 

proceso similar al explicado para los discos duros. Para el cálculo del HDD y CDD se ha 

obtenido hora a hora la temperatura media de 2015 en España en [67,68].  

 Día de la semana (Day of the week): se aplica a los perfiles de potencia comercial y 
residencial, así como a los perfiles de calefacción y refrigeración (residenciales) a través 
del vector HDD y CDD diario. La función da a cambio el día de la semana para que el 
código sepa si es un día de la semana, un día festivo, un sábado o un domingo. 

 Factor vacaciones (Holidays Factor): se aplica a los perfiles comerciales, pero al trabajo 
(perfil de trabajo se normaliza el valor 1 por cada día del año). Esta función aplica una 
reducción fraccionada dada (o quizás un incremento) para las demandas respectivas si 
el día considerado es un día festivo.  

 Interpolación estacional de perfiles (Seasonal Interpolate Profiles): se aplica a los perfiles 

de potencia comercial y residencial. Esta función utiliza como entradas los perfiles de 

verano e invierno y devuelve, para una hora h dada (entre 1 y 24), el valor normalizado 

ponderado para esa hora interpolando los valores de verano e invierno. 

 

Para una mejor modelación de la demanda, se ha procedido con la calibración del modelo, de 

modo que la suma se los perfiles por sectores recreen la curva anual de demanda eléctrica del 

2015, hora por hora. Los cambios estudiados y realizados son: 

a) Casi no hay diferencias entre los perfiles diarios estimados, y por ello son 

completamente diferentes de los perfiles reales. Por lo tanto, tenemos que modificar 

los parámetros que afectan a los fines de semana y días festivos.  

b) Si comprobamos y comparamos los perfiles de las formas de invierno y verano, podría 

ser también una opción para cambiar la Interpolación estacional de perfiles, o modificar 

el perfil de los sábados.  

c) El perfil residencial debe ser modelado para obtener un primer pico de demanda más 

alto. Si observamos los otros sectores, los valores más altos se alcanzan alrededor del 

mediodía y no en la noche como se esperaba en la demanda residencial estimada. Por 

lo tanto, se debe aumentar la demanda de días laborales.  

d) En lo que respecta al sector comercial y a la industria ligera (ya que se asume que sigue 

su comportamiento), son, al igual que el sector residencial, los responsables de la baja 

demanda pico del perfil estimado. Según [25], el perfil comercial debe tener un máximo 

muy alto a mediodía, aunque los perfiles propuestos en DESSTINEE carecen de este pico. 

Esto también debería tenerse en cuenta. 

 

La calibración del modelo resulta en una mejor modelación y mayor precisión en la curva 

acumulada de demanda como se muestran en los siguientes perfiles y en los indicadores de 

errores implementados:  

 

 

 



 
 

 
 

Sin calibración (ANTES) Con calibración (DESPUÉS) 

MAE (GW) 2,22 MAE (GW) 1,43 

MAPE ( %) 8,42 MAPE ( %) 5,49 

MSE 7,95 MSE 3,15 

NRMSE ( %) 10,47 NRMSE ( %) 6,59 

 

Una vez hemos calibrado el modelo, podremos obtener la nueva demanda horaria residencial y 
con ello la demanda total acumulada para los dos modelos. A continuación, se muestra cómo 
cambia el perfil medio residencial en ambos casos.  
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3.3 Modelización de la Generación Eléctrica 

Una vez que seamos capaces de recrear con precisión las curvas de carga españolas hora a hora 
para 2015, con la nueva demanda anual, el mix de generación eléctrica y su LCOE cambiarán. El 
mix de generación eléctrica español se ha modelado con CALLIOPE, una herramienta de código 
abierto que utiliza un código escrito en Python. Los datos de entrada requeridos son:  

 Localización y capacidad instalada de cada tipo de recurso energético  

 Demanda eléctrica que debe ser satisfecha por zonas (peninsular, archipiélagos y 
ciudades autonómicas)  

 Costes de generación de cada tecnología o recurso, divididos en fijos y variables.  

 Parámetros de modelización, de los cuales destacamos los siguientes:  
o Force_resource: true para renovables (hidroeléctricas, eólicas, solares, otras 

renovables), cogeneración, residuos. Recordamos que estas tecnologías están 
dentro del plan de retribución, que financia la generación eléctrica por estos 
recursos para promover la reducción de los precios del mercado diario y el ahorro 
de impuestos de emisión de CO2. Producirán energía siempre y cuando el recurso 
esté disponible.   

 

Tecnología 
Retribución 

[M€] 
Retribución 

[€/kWh] 
Peninsular 

(%) 
Baleares 

(%) 
Canarias 

(%) 
Melilla 

(%) 

Hidráulica fluyente 73.772 0,0135 99,93 - 0,07 - 

Eólica 1.253.570 0,0261 99,16 0,01 0,83 - 

Solar fotovoltaica 2.434.792 0,2954 95,18 1,49 3,33 - 

Solar térmica 1.274.806 0,2507 100 - - - 

Otras renovabes 261.728 0,0569 99,78 0,04 0,18 - 

Cogeneración 1.151.346 0,0458 99,87 0,13 - - 

Residuos y restos 219.756 0,1000 85,85 13,76 - 0,39 

 
o Energy _ramping: análisis horario para 2015 y establecer la rampa energética para 

las tecnologías como la variación máxima dada en porcentaje entre horas 
consecutivas de generación.  
 Las centrales nucleares tienen un régimen de funcionamiento muy rígido 

(tardan días en ponerse en marcha y alcanzar el nivel máximo de 
producción). Por lo tanto, su capacidad para variar su nivel de producción a 
corto plazo es limitada.  

 Las centrales eléctricas de petróleo y gas natural son flexibles (cambian su 
nivel de producción con cierta rapidez), mientras que las centrales de 
carbón son significativamente rígidas.  

 Para el resto de tecnologías se ha analizado la generación horaria y se ha 
calculado la variación máxima entre horas consecutivas para obtener la 
rampa energética para el año 2015.  

o Energy_cap_min_use. Es la producción mínima específica por tecnología. 
Establecido en un valor entre 0 y 1 para forzar la producción mínima de centrales 
eléctricas como una fracción de la capacidad máxima de energía de la tecnología.  

o Transmission. Hay que incluir la línea de transmisión HVDC (alta-tensión en 
corriente continua) que conecta la Península Ibérica con Mallorca, la isla principal 
del archipiélago balear. Debido a que los enlaces son bidireccionales por defecto en 
CALLIOPE, para forzar la unidireccionalidad debemos establecer la restricción 
unidireccional en la definición de la tecnología, para ese enlace.  



 
 

o Exports. Es posible especificar los ingresos de las tecnologías estableciendo un valor 
de coste negativo, dado como el coste del mercado diario para las exportaciones 
españolas horarias.  

 
En este punto, el modelo calcula el mix de generación de energía hora a hora del sistema 
llegando a una solución óptima, minimizando el LCOE (Levelised Cost of Energy, Coste Nivelado 
de la Energía). Una vez descrito el funcionamiento de CALLIOPE, en esta parte analizaremos y 
describiremos los modelos construidos para recrear el mercado eléctrico español y la 
producción de energía.  

El primer modelo nos ha permitido calibrar y ajustar los datos de entrada para obtener 

resultados lo más próximo a la realidad. A continuación, se presentan los principales resultados 

de la primera calibración peninsular, comparando valores reales con los obtenidos en las 

simulaciones para la calibración.  
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De ese modo, hemos ajustado todas las restricciones económicas y tecnológicas de la Península 

Ibérica, ya que: 

 Los valores de generación por hora están disponibles para el año 2015.  

 También lo son las importaciones y exportaciones de electricidad con Andorra, 

Marruecos, Portugal y Francia, consumos por bombeo y la transmisión Península-

Mallorca. 

 Los precios de mercado diario, se calculan hora a hora para calcular un precio 

equivalente medio ponderado para importaciones, exportaciones y bombeos. 

Para la calibración de la demanda española, no obstante, dado que los perfiles de producción 

anual no están disponibles para las islas, Ceuta y Melilla, hemos estudiado el papel que 

desempeña cada tipo de central eléctrica. 

 Los generadores diésel, el carbón y las centrales de ciclo combinado funcionan como 

tecnologías de base, 

 mientras que las turbinas de vapor y gas funcionan como tecnologías de punta.  

 

A través de la calibración, podemos validar el ajuste, comprobando que la tendencia anual de 

generación, el LCOE y la energía total producida siguen los valores de 2015. 
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Una vez obtenidas las nuevas demandas finales de electricidad para los dos modelos, el siguiente 
paso a realizar es, simplemente, ejecutar las nuevas demandas en CALLIOPE. Otro supuesto 
importante que se ha tomado es el de la demanda de electricidad en los diferentes territorios 
españoles, ya que DESSTINEE proporciona la demanda agregada para el país. La opción más 
sencilla y razonable ha sido distribuir la reducción según la participación de cada zona hasta la 
demanda final. Por ejemplo, la reducción del perfil peninsular es más pronunciada que la de 
Ceuta o Melilla porque la contribución de la primera a la demanda española es mayor. A 
continuación, se detallan los costes de electricidad y la producción anual para cada escenario y 
el caso real. 
 

Tecnología 
Producción Anual [GWh] LCOE [€/kWh] 

Modelo 3.1 Modelo 3.2 Real Modelo 3.1 Modelo 3.2 Real 

Hidráulica fluyente 5.461 5.461 5.461 0,0571 0,0573 0,0616 

Hidráulica presa 20.594 20.597 20.703 0,0437 0,0437 0,0435 

Hidráulica bombeo 40 40 5.121 4,4154 4,4154 0,1056 

Nuclear 54.654 54.655 54.662 0,0332 0,0332 0,0332 

Diesel 3.061 3.069 3.346 0,1995 0,1995 0,1988 

Turbina Gas 933 981 914 0,1207 0,1177 0,1220 

Turbina Vapor 2.088 2.150 2.225 0,0634 0,0631 0,0620 

Carbón 37.753 37.992 52.941 0,0694 0,0693 0,0621 

Ciclo Combinado 26.851 26.917 29.179 0,0815 0,0814 0,0761 

Generación Auxiliar 3 3 10.58 0,3105 0,2798 0,1199 

Hidroeólica 8.56 8.56 8.56 0,1097 0,1097 0,1097 

Eólica 48.113 48.113 48.113 0,0530 0,0544 0,0630 

Solar fotovoltaica 8.242 8.242 8.242 -0,1846 -0,1831 -0,1618 

Solar térmica 5.085 5.085 5.085 0,0794 0,0799 0,0828 

Otras renovables 4.601 4.601 4.601 0,0825 0,0830 0,0841 

Cogeneración 25.135 25.135 25.135 0,0464 0,0470 0,0509 

Residuos y restos 2.196 2.196 2.196 0,1348 0,1350 0,1505 

GENERACIÓN 244.819 245.245 267.945 0,0537 0,0542 0,05167 

Importación Fr 9.434 9.454 9.131 0,0362 0,0363 0,0360 

Importación Po 13.650 14.343 5.811 0,0478 0,0479 0,0528 

Exportaciones -17.499 -15.658 -15.089 -0,0526 -0,0526 -0,0501 

Consumos bombeo -45 -40 -4.738 -0,0715 -0,0715 -0,0715 

DEMANDA b.c. 250.359 253.344 263.073 0,04881 0,4918 0,05123 

 

Analizando el desglose de precios de las facturas de luz y con los nuevos precios de generación, 

podemos calcular para ambos modelos el ahorro eléctrico equivalente en millones de euros 



 
 

 

 

3.4 Modelo Input-Output: Shock Análisis 

El ÚLTIMO PASO consiste en tomar los últimos resultados, los ahorros de energía y otros cambios 
explicados posteriormente, para realizar un análisis de Shock dentro de un modelo MRIO para 
evaluar el impacto y los resultados finales. En este modelo, la economía nacional para un país r 
(España en nuestro caso) está encerrada en el rectángulo negro, en el que se desarrollan las 
actividades y transacciones nacionales, así como los intercambios y comercios internacionales.  
 

 
El modelo asume que:  

 Hay un número finito de transacciones exógenas (flujos y emisiones de energía, 
representados por la matriz de transacciones exógenas F).  

 Cada sector produce un solo tipo de flujo de producto (representado en el vector de 
producción total x), destinado a satisfacer la demanda final Yd, con un valor añadido V. 
Sin embargo, parte de este producto puede ser autoconsumido o intercambiado con 
otros procesos nacionales o extranjeros, expresados en la matriz de transacciones 
endógenas Z. 

 
Toda esta información queda resumida en los siguientes cuadros 

∆costeenergía 

[€/año/casa] 

∆peajesenergy 

[€/año/casa] 

Ahorros anuales 
[€/año/casa] 

Nº unidades 
Ahorros 
[M€/año] 

Frigorífico 81,42 18,01 126,45 19.692.925 2.490,20 

Congelador 78,50 17,39 121,96 4.327.445 527,82 

TOTAL 3.2 159,74 35,40 248,19 24.020.370 3.015,02 

Lavadora 11,39 2,42 17,57 18.959.220 333,14 

Lavavajillas 10,22 2,29 15,91 10.296.723 163,78 

Horno 14,10 3,17 21,97 14.485.441 318,23 

Secadora 29,87 6,74 46,55 5.205.586 242,34 

TOTAL 3.1 225,50 50,01 350,42 72.967.340 4.075,49 



 
 

 
Dimensiones de matrices/vectores símbolo   valor 

Número de países nC   49 

Sectores por país nI   163 

Número total se sectores ntI   7987 

Tipos de demanda final nY   7 

Tipos de transacciones exógenas nF   14 

 
Matrices y vectores principales símbolo filas   columnas   unidades 

Matriz de demanda final Yd nC*nI  7987 nC*nY 343 M€ 

Matriz de transacciones exógenas F nF 14 nC*nI  7987 kg, TJ 

Matriz de valor añadido V nV 1 nC*nI  7987 M€ 

Vector de producción total x nC*nI  7987 1 1 M€ 

Matriz de transacciones endógenas Z nC*nI  7987 nC*nI  7987 - 

 
Dentro de este marco de Input-Output, la herramienta de análisis tipo shock permite evaluar los 
efectos de las políticas y medidas estructurales causadas por cambios relativamente pequeños 
en las tecnologías de producción y/o en los niveles de consumo que ocurren en el corto plazo. 
Estos cambios incrementales se producen el:  

 Matriz de Demanda Final (Yd):  
o Se observa en las siguientes “submatrices incrementales” que la demanda de los 

hogares en electrodomésticos de alta eficiencia aumenta en ambos casos (más 
adquisiciones), y se reduce así el consumo eléctrico, traducido en ahorros.  

o Exportaciones: para proporcionar un modelo más realista, todas las exportaciones 
producidas por el sector de electrodomésticos en 2015 se restan debido a la gran 
cantidad de Unidades que se fabricarán, por lo que el sector no podía permitirse 
tanto aumentar su producción como mantener sus niveles de exportación.  

 Vector de valor añadido (V):  
o El número de aparatos fabricados en 2015 llegó a casi 5 millones de unidades. 

Así pues, será necesario duplicar el número de trabajadores del sector, 
aumentando la plantilla española en 32. 000 personas. Como habrá 
incorporaciones de empleados de baja, media y alta cualificación, se ha utilizado 
el salario bruto anual medio de 20. 051€ para contabilizar esta modificación. Se 
ha supuesto que el número de horas de trabajo se duplica para las industrias de 
fabricación de electrodomésticos, teniendo por lo tanto 2 turnos de 8 horas. Por 
lo tanto, ambas matrices en nuestros modelos son iguales               

 

 
 
 
 

 

Yd [M€] 
Modelo 3.1 Modelo 3.2 

1.Hogares 7.Exportaciones 1.Hogares 7.Exportaciones 

86.Fabricación de 
      Electrodomésticos 

4.864,54 -1.003 1,897.12 -1,003 

96-104.Producción  
              Electricidad 

-4,075,49 0 -3,015.02 0 

V [M€] 86. Fabricación de Electrodomésticos 

1. Valor añadido 641,63 



 
 

4 Conclusiones 

 
Los resultados del análisis de EI son los últimos resultados, de los que también se obtienen las 
principales conclusiones. Discutiremos si los indicadores analizados en la sección de 
introducción y los planes de acción nacionales previstos se alcanzarán o no. Además, 
compararemos los pros y los contras de cada modelo.  
 
Para 2020, se fijó que España emitirá alrededor de 210 MtCO2. Con nuestras dos propuestas, al 
final del primer año el alcance se lograría completamente. Se espera que las emisiones 
potenciales del plan de renovación sean inferiores a 182 MtCO2, mientras que la 
implementación del segundo modelo llevaría a 191 MtCO2 liberados a la atmósfera. Si 
extrapolamos estos resultados a 12 años, los planes ahorrarían hasta 441 MtCO2 y 329 MtCO2, 
respectivamente.  
 
Tanto el objetivo de reducir las emisiones para 2020 como para 2030 en 54 MtCO2 y 122 MtCO2, 
respectivamente, se alcanzarían fácilmente. En el segundo caso, el primer modelo tardaría 
menos de 3 años en alcanzar este objetivo, mientras que el segundo modelo cumpliría la 
reducción del alcance para 2019. 
 

“En 2015 hubo una mejora del 7% en el valor añadido bruto para la industria manufacturera”. 

Sí: la penetración de Frigoríficos y Congeladores A++++ en el territorio nacional aumentaría el 

valor añadido bruto del sector en un 12,04%. Por otra parte, el modelo 3.1 mejoraría este sector 

en cuanto a valor añadido en un 29,86%.  

“Son necesarias inversiones del orden de 27.000 M€ tanto públicas como privadas hasta 2020”.  
1. Modelo 3.1: se necesita una Inversión de 378 M€ anuales por parte del gobierno para 

cubrir el gasto de los usuarios, aunque el PIB del país mejoraría globalmente, 
penalizando la actividad de otros sectores. La inversión anual requerida durante 12 años 
sería de 4.536 M€ (casi 59.000 millones en total) 

2. Modelo 3.2: Las casas españolas ahorrarían alrededor de 25€/año por el simple hecho 
de renovar refrigeradores y congeladores. Sin embargo, el plan de renovación 
provocaría una caída de la producción nacional y podría dar lugar a un déficit económico 
en ese año, ya que el PIB se reduciría en casi 1.200 millones de euros.  

 
“Ahorros del orden de 21.000 M€ que se extienden más allá de 2020 hasta alcanzar los 62.000 
millones acumulados hasta 2030”. Ninguno de los modelos produciría tales ahorros a nivel 
nacional. Los únicos ahorros positivos que se derivan de ambas propuestas son los ahorros de 
hogares, que ascienden a 13.500 millones de euros para los próximos 12 años. La renovación de 
edificios también requeriría la mayor Inversión (casi 16.000 millones de euros). Algunos de los 
objetivos perseguidos también se cumplirían y otros no, como señalamos más adelante:  

 “Generación media anual de 45.000 y 50.000 puestos de trabajo en el sector residencial 
y en el conjunto de difusos, respectivamente”.  No: se calcula que se crearán 32.000 
nuevos puestos de trabajo.  

 “Ahorro de 494 millones de euros anuales de 2014 a 2020” (3.500 millones de euros en 
total). No/Sí: El potencial del plan de desguace aumenta el gasto final en el consumo por 
hogar, mientras que el segundo modelo propuesto cumpliría este objetivo.  

 “2,79 MtCO2  en residencial y 2,25 de 2015 a 2020”. Sí: ya se ha debatido que este 
objetivo se alcanzaría fácilmente.  



 
 

 “Ahorro de 5.612 GWh/año de 2014 a 2020”. Sí: la aplicación del modelo 3.1 evitaría 
casi 12,5 TWh de producción de electricidad, y el segundo modelo casi 10 TWh.  

 “145 TWh de ahorro en Energía Primaria. . .  
o No: en las tablas 71 y 74 observamos que el ahorro total de energía para el primer 

modelo es de 435 PJ (120,8 TWh), mientras que el modelo 3.2 ahorraría casi 330 
PJ (91,5 TWh).  

 . . . y 54 TWh de fósil a renovable”.  
o Sí: ninguno de los planes propuestos transferiría la producción de electricidad 

procedente de fuentes no renovables a fuentes renovables. Sin embargo, 
podríamos analizar el ahorro total resultante de la menor generación de 
electricidad producida por combustibles fósiles (carbón, gas natural y productos 
petrolíferos) en términos de energía. El siguiente cuadro muestra el ahorro anual 
de energía de los combustibles fósiles en TWh. 

 

Modelo 3.1 Modelo 3.2 

  96. Electricidad producida por carbón 107,63 80,28 

  97. Electricidad producida por gas 5,77 4,38 

101. Electricidad producida por derivados de petróleo 1,48 0,83 

 
 

Precios de la electricidad: podemos proporcionar el nuevo precio PPS equivalente para la 

electricidad sin y con impuestos. El alquiler de equipos de medida y control es de 0,044712 €/día, 

equivalente a 0,00344 €/kWh si consideramos el consumo medio de electricidad para 2015 

(4.742 kWh/año). 

 2015 Modelo 3.1 Modelo 3.2 

PVPC sin impuestos   [€/kWh] 0,1974 0,1945 0,1949 

PVPC sin impuestos   [PPS €/kWh] 0,27 0,266 0,267 

PVPC con impuestos [€/kWh] 0,311 0,307 0,308 

PVPC con impuestos [PPS €/kWh] 0,195 0,192 0,193 
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1 Introduction 
 

1.1 European Union: Climate Action and Energy 
 
The twenty-first session of the Conference of the Parties to the United Nations Framework 
Convention on Climate Change (COP21) and the eleventh session of the Conference of the 
Parties serving as the meeting of the Parties to the Kyoto Protocol were held in Paris from 30 
November to 12 December. COP21 ended with the adoption of the Paris Agreement establishing 
the global framework for combating climate change from 2020 onwards. This is a landmark 
climate change agreement that promotes a transition to a low-emission, climate-resilient 
economy. 
 
The Paris Agreement’s aim is to strengthen the global response to the threat of climate change 

by keeping a global temperature rise this century well below 2C above pre‐industrial levels and 

to pursue efforts to limit the temperature increase even further to 1.5C by 2100. Additionally, 
the agreement aims to strengthen the ability of countries to deal with the impacts of climate 
change. To reach these ambitious goals, appropriate financial flows, anew technology 
framework and an enhanced capacity building framework will be put in place, thus supporting 
action by developing countries and the most vulnerable countries, in line with their own national 
objectives. 
 
The Paris Agreement, besides, requires all parties to put forward their best efforts through 
“nationally determined contributions” (NDCs) and to strengthen these efforts in the years 
ahead, outlining their post-2020 climate action. By 2050, the European Union (EU) wants to 
substantially reduce its emissions - by 80-95% compared to 1990 levels - thus joining its efforts 
with those of all developed countries. For these purpose, those NDCs can be categorised as 
unconditional or conditional pledges depending on whether they are mandatory or not, 
respectively. Among this first group of pledges, all countries belonging to the EU have committed 
to meet the following targets [10,12] 

 Key EU targets for 2020 (also known as “20-20-20” target)  

o 20% reduction in greenhouse gas emissions compared to 1990.  

o 20% of total energy consumption from renewable energy sources. 

o 20% increase in energy efficiency. 

 Key EU objectives for 2030  

o At least 40% reduction in greenhouse gas emissions compared to 1990.  

o At least 27% of total energy consumption from renewable energy sources.  

o At least 27% increase in energy efficiency. 

 
Among the Europe's climate change policy, the EU Emissions Trading Scheme (EU ETS) is its main 
tool for cost-effectively reducing greenhouse gas emissions. Created in 2005, the EU ETS is the 
world's first international emissions trading scheme. It is also the largest, accounting for more 
than three quarters of international carbon trading. This scheme is the world's largest and 
largest carbon market.  
 



 

2 
 

The EU ETS operates on the “limitation and trade” principle. The total quantity of certain 
greenhouse gases that may be emitted by installations covered by the scheme is subject to a 
limit. This limit is reduced over time so that total emissions decrease. Within the established 
upper bound, companies receive or buy emission allowances with which they can trade with 
each other according to their needs. They can also purchase limited amounts of international 
credits from emission reduction projects around the world. The limit on the total number of 
rights available guarantees that they have a value.  
 
At the end of each year, companies must surrender sufficient allowances to cover all their 
emissions, otherwise heavy penalties are imposed. If a company reduces its emissions, it can 
keep its surplus rights to cover future needs, or sell them to another company. Rights trading 
provides flexibility to ensure that emissions are reduced where they are cheaper. A high carbon 
price also promotes investment in clean, low-emission technologies. [11] 

 
1.2 Spain: Climate Action and Energy 
 
As we have already seen, the Energy and Climate Change Package sets a global EU target of 

reducing greenhouse gas emissions by 20% by 2020 compared to 1990 emission levels. From 

2013 to 2020, Spain and other member states will have to follow an annual emission allocation 

set out in Decision 2013/634/EU. To this must be added the fact that Spain will face a reduction 

in the number of allowances auctioned, greater than 40%, and electricity generation will no 

longer receive free allowances. For the sectors where allowances will still be given away for free, 

such as manufacturing industry and heat sectors, harmonised allocation rules apply, based on 

EU-wide benchmarks of emissions performance. From 2021 to 2030, the number of allowances 

will be reduced by 2.2% per year”.  

On the other hand, Spain’s allocated GHG emissions from the non-ETS sectors were 221 

MtCO2eq in 2013 to be reduced to 209 MtCO2eq in 2020 in a linear manner. the European 

Commission has worked with member states to determine annual emission allocations (AEAs). 

These annual emission allocations mark, in terms of units of carbon dioxide equivalent (CO2eq), 

the annual emission limits for each member state: the following table. 

 

2014 2015 2016 2017 2018 2019 2020 

220.903 219.144 217.384 215.625 213.866 212.107 210.347 

 
Table 1: AEAs for Spain since 2014 [Mt𝐶𝑂2eq], according to 2Directives 013/162/EU and 2013/634/EU 

 
The effort to achieve these reductions is divided into two large blocks.  

 On the one hand, CO2 emissions from the most energy-intensive sectors (electricity 
generation and refining industries, iron and steel, cement manufacture, paper and 
cardboard, glass, ceramic products, etc.) that are under the European emissions trading 
system created by Directive 2003/87/EC. The objective for these sectors is to achieve, 
with respect to the year 2005, a reduction in their emissions of 21% in 2020 and 43% by 
2030 [12].  
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 The remaining emissions are excluded from the scope of emissions trading, with a 
specific reduction target, set out in Decision 406/2009/EC (Effort Sharing Decision). This 
target corresponds to a reduction in Community GHG emissions of 10% by 2020 and 
26% by 2030 compared with 2005 [24]. 
 

This last block is made up of what are known as “diffuse sectors”, which are the followings: the 
residential, commercial, institutional sectors (RCI); transport; agriculture and livestock; waste 
sector; fluorinated gases and industrial installations not subject to emissions trading. A total of 
43 measures have been analysed, spread across the 6 sectors, to reduce 54 MtCO2 to 2020 and 
122 MtCO2 to 2030. Within the residential sector we find the following action plans: State plans 
for building reform but none on renovation of appliances. 
 
Investments in the order of 27,000 M€ both public and private are necessary until 2020 with 
savings in the order of 21,000 M€ that extend beyond 2020 reaching the 62,000 M€ accumulated 
to 2030. These measures aim at an average annual generation of 45,000 jobs. Within the RCI 
sector, the transport sector would require EUR 8.6 billion and industry 1.9 billion over the same 
period.  Renovation of buildings would also require the greatest investment (almost EUR 16 
billion from 2013 to 2020), leading into the next results:  

 savings from 2014 to 2020 of EUR 494 million/year (3.5 billion€ in total)  

 50,000 new jobs within the diffuse sectors between 2014-2020 at the latest. Variable 
generation  according to the years.  

 2.79 MtCO2 in residential and 2.25 from 2015 to 2020 are mitigated from 2014 to 2020  

 145 Twh savings in Primary Energy and 54 Twh from fossil to renewable. Savings from 
2014 to 2020 of 5,612 GWh/year and each year the increase is greater. 

 
 

1.2.1 Primary Energy balance 
 
It has been necessary to study und evaluate energy fluxes within the Spanish energy system to 
better understand which are its strengthens and weaknesses, its dependency on energy tradings 
(imports and exports) and the main energy producers. The IEA (Internacional Energy Agency) 
has been the main source to obtain the information regarding the total primary energy supply 
(TPES), energy transformation losses and total final consumption (TFC).  
 
The TPES in 2015 was 118,899 ktoe, increasing in more than 4,300 ktoe compared to the 
previous year. This consumption is obtained by following the next expression: 
 

TPES =  P +  I − X +  IMB ±  S  
 

 Indigenous production (P): amount of fossil fuels produced by country withdrawn from 
environment entering in the processes. 

 Imports – Exports (I-X): Energy and goods which Spain import and export. 

 International marine bunkers (IMB): fossil fuel used for ships considered at international 
level belonging to Spain, involving international trade. 

 Stock  changes (S): positive when consumption is lower than the amount of stock. 
 
We can observe that more than 70% comes from fossil fuels, 14% is nuclear energy and the 
remaining primary energy has renewable origin. In accordance to the high demand for fossil 
fuels, Spain has a heavy reliance on fossil fuels imports, mainly crude oil. Moving to another 
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point, regarding transformation activities, the most important activity concerns refineries 
located in maritime ports. Great quantities of crude oil are imported for its refinery, and later 
on it is mainly used for transportation and exports. In regards to TFC, it can be worked out 
considering the following terms: 
 

TFC =  TPES – ∑(Energyconverssions  + Energyownuses  + Losses)   

 
The increasing for the TFC registered in 2015 (79,692 ktoe VS 78,642 ktoe in 2014) has had a 
meaningful effect in the structure of the power electric sector because of an increasing carbon 
generation and a higher natural gas production. In regards to nuclear energy, its demand 
remains almost unchanged from one year to another, and the renewable sources reduce their 
implementation for electricity generation in 1200 ktoe. 
 

 
* The column of coal also includes peat and oil shale where relevant. 
** Totals may not add up due to rounding. 
*** International marine bunkers are included in transport for world totals. 
**** International aviation bunkers are included in transport for world totals. 
 

Figure 1: Spanish Energy Balance. Source: [62] 
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The relation between TPES, TFC and the transformations can be plot in a Sankey Diagram, 
provided also by the IEA, considering time energy variation in Spain (the system under study) 
equal to 0. Regarding “Statistical differences”, these include the sum of the unexplained 
statistical differences for individual fuels, as they appear in the basic energy statistics. It also 
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includes the statistical differences that arise because of the variety of conversion factors in the 
coal and oil columns [60]. 

Figure 2: Spanish Sankey Diagram for 2015. Source: [62] 
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2 Literature Review 
 
Given that during the project energy demand and forecast models have been implemented, as 
well as various sources of information and data, a deep study and review of various academic 
papers and scientific publications has been undertaken. 
 
For the energy poverty indicators assessment, we have studied two of the main definitions for 
this concept: 

 The first energy poverty formulation consists on the counting poverty approach 
proposed by [58] in the Spanish energy poverty 2018 report and in [53]. This procedure 
has been done for three energy dimensions: “the inability to afford adequate warmth 
in a home”, “the arrears on utility bills (electricity, water and gas)” and “the presence of 
a leaking roof, damp walls or rotten windows”.” These are the official definitions for 
Ireland, France and the United Kingdom, respectively; it has been implemented as a 
counting poverty approach proposed in [53] and other authors.  

 On the other hand, Boardman (1991) sets the most widely accepted definition of energy 
poverty (our 2nd approach), defined as the inability for energy-poor households to keep 
the home with an adequate comfort temperature.  

 
A wide review for building energy scenarios throughout various models is found in [55]. Firstly, 
we find in the literature some work developed for Spanish models, such as input-output models 
provided in [52] to study the effect of energy efficiency on electricity usage. Similar analysis is 
found in [59] to better understand electricity demand oscillations by neural networks. We will 
analyse energy poverty following two approaches. When the search is extended to the 
appliances field, no bibliographic references are found because of the lack of research in this 
area. However, in [56] Pfenninger mentions Richardson’s model provided in [60] in which the 
author models “domestic demand using a building occupancy and appliance use model, and 
combines this in to an integrated model with roof top solar photovoltaics”   
 
In our case, for electricity consumptions by sector and profile shaping, the DESSTINEE model has 
been implemented. This model aims to assess assumptions and hypothesis made by the 
programmer regarding energetic scenarios and the scale of the economic defeat associated. It 
is an open-source energy modelling framework created in the Imperial College (London, United 
Kingdom). Various publications featuring the DESSTINEE model can be found in the literature: in 
[67] different scenarios proposed in 2050 are explored under certain assumptions about energy 
and social evolutions. 
 
In regards to energy systems models for nowadays energy challenges, there is a wide variety of 
energy-related reviews whereby analysts understand how to model and develop scenarios 
about the possible future development. Pfenninger’s review explains some relevant models 
built during the first years of the second millennium, for either simulations and forecasts or 
optimization and scenarios. Designing an energy system model from the ground up to address 
questions about the transition to renewable energies and perform an optimization of the 
energy system studied, so other models are implemented to tackle other purposes [51]: 

 SWITCH: renewables integration + stochastic linear optimisation 

 Temoa: multi-stage stochastic optimization 
 
Due to the dimensions and the wide range of energy sources, technologies, transformation 
processes and so on we have opted for using what is called a multi-scale energy systems (MUSES) 
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modelling framework to model the Spanish electricity generation mix. This work has taken two 
references in this case: the Pfeninnger’s model explained in [70], where the author presents and 
studies “Scenarios for Great Britain’s power system considering costs, emissions and import 
dependency”; and the model implemented in [57] in order to study the additional electric load 
required by a replacement of fossil-fuelled heat technologies with electrically-powered 
alternatives”, among other objectives.   
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3 Justification and Motivation 
 
In this chapter we justify what have been the reasons and motivations that have led to develop 

a plan to renew household appliances in the Spanish territory. Our analysis has been based on 

several indicators that are detailed below, in addition to an extensive bibliographic consultation 

on recommendations provided by distinguished international associations and several Spanish 

organizations.  

 
The first arising query is: why 2015? There are two European directives, (Eco-design and Energy 
Labelling), together with their accompanying regulations, have been currently implemented and 
will broadly modify the regulatory frame for heating, ventilation and air-conditioning (HVAC) 
products in the European market. On 26 September 2015, the new regulations on eco-design 
and energy labelling of heating equipment and water heaters will enter into force. These 
Regulations are going to mean the immediate incorporation of those systems that suppose a 
greater efficiency with respect to the conventional ones, a reduction in the consumption of fuel 
and, consequently, a greater environmental benefit for our society [23]. 
 
Apart from legislation and regulatory topics, the study should be undertaken in relatively 
contemporary year in which consumption habits, electricity-generation technologies and other, 
energy efficiencies and other issues are as close as possible to the current outlook. Besides, most 
of the official sites with published data (REE and IEA, from which most of the historical data have 
been obtained) and reports reported annually take a long time to publish the information 
available for different years. 
 

3.1 Energy Poverty Indicators 
 
The European Energy Poverty Observatory (EPOV) has proposed, under a mandate from the 
European Commission, the use of four primary indicators (two based on the household income 
and expenditure approach, and two on the household perceptions and declarations approach). 
In this project two of the four indicators have been studied to justify the idea proposed. 
 

3.1.1 First approach: 
 
The first counting poverty measure we will evaluate in the literature is the headcount index 𝐻𝐼𝑚: 
 

𝐻𝐼𝑚 =
𝐻𝑚

𝑁
 

 
where 𝐻 is the number of poor people, 𝑁 is the total number of people in the economy, and 𝑚 
is the identification cutoff for the number of dimensions to be considered, within a number of 
dimensions 𝐷 considered as relevant to measure energy poverty [53]. The three dimensions are 
assumed to have the same importance so each attribute has the same importance in the 
definition of energetically poor. Hence, we will have three identification cut-offs, 𝑚 = 1, 𝑚 = 2 
and 𝑚 = 3. We will consider poor only individuals deprived in 2 of the 3 dimensions, (that is 𝑚 = 
2). The result provided by Aristondo in [53] is 𝐻𝐼𝑚 = 0.0649, meaning that 6,49% for our criteria 
suffer from energy poverty. 
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3.1.2 Second approach 
 
By this second indicator, different weights have been assigned for the three dimensions, giving 
more importance to the ability to keep the home adequately warm. Thus, a vector 𝑤 for the 
respective weights of the three dimensions can be written as 𝑤  = (2, 0.5, 0.5). Hence, the cutoff 
chosen is 𝑚 = 2, which considers as poor any individual deprived in at least the first dimension. 
In this case, the results provided in [53] are that 10.56% of Spanish people (4.85 million citizens) 
suffer from energy poverty according to this approach. 
 
 

3.2 Electricity prices 
 
The energy price analysis carried out for this study has been based on electricity price data for 
an average domestic consumer (between 2000 and 5000 kWh per year). For this purpose, the 
evolution of prices in Spain has been represented, first of all, with the average of the EU28 and 
the two Member States with the highest and lowest cost per kWh in the whole of the EU.  
 
The comparative price analysis was carried out using Purchasing Power Standards (PPS) units. 
This is a theoretical unit, based on the euro, which Eurostat calculates and with which it then 
provides data on the prices of goods and services in EU Member States corrected for each 
country's price and wage levels. In this way a PPS unit would allow the same amount of goods 
and services to be purchased in any EU country.  
 
Spain was the fourth country with the most expensive electricity after Portugal, Germany and 
Romania if we look at prices including all taxes; in the case of pre-tax prices Spain was the 
Member State with the most expensive electricity followed by Poland. 
 

 
Figure 3: Electricity prices in Spain and other countries of interest, without taxes (left graph) and with taxes included 

(right graph) 

 

3.3 Tackling Appliance Manufacturing Industry 
 
Spain is the country of the European Union where the construction sector accuses of greater 
loss of weight and it has taken longer to show signs of recovery. The adjustment measures 
applied and their impact on consumption and investment have conditioned in great measure 
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the industrial activity, whose contribution to the economy as a whole has been a major factor in 
the declining, currently remaining at around 13%.  
 
In 2015, the added value of construction showed an improvement, with a certain slowdown in 
construction activity afterwards, mainly in relation to the non-residential component, which 
could have been compensated by an upturn in construction related to housing.  Since mid-2008, 
manufacturing industry has shown unfavourable developments, with certain oscillations, with 
progress being observed from 2014 onwards, after seven years of setbacks in its activity. In 2015 
this dynamic continues, with an improvement of 7% in gross value added, which is also reflected 
in other indicators such as employment and productivity in the sector. Among the branches of 
the manufacturing industry, the dynamism of the capital goods sector stands out, especially the 
productions related to vehicles, electronics, information technologies and telecommunications.  
 
Concerning appliances manufacturing industry, to revive the sector, three of the major 
employers in the market – ANFEL (National Association of Manufacturers and Importers of 
Household Appliances), ANGED (National Association of Large Distribution Companies) and FECE 
(Spanish Federation of Home Appliance Dealers) – called on the new government to reactivate 
renovation programmes for household appliances through the Institute for Energy 
Diversification and Saving (IDAE), as the case happened between 2006 and 2011. By 2015, in 
Spain there was about 30 million household appliances that were more than 10 years old. [64] 
 

In view of the above, the ideas are aligned with the recommendations found in the IEA report 
of 2015 [20]. “Energy demand in buildings can be reduced also through policies to set minimum 
performance standards on appliances, especially in households. In Spain, this is based on EU 
regulations. Energy efficiency can be supported also by promoting the uptake of efficient 
appliances. This will also help level peak electricity loads in the power sector and the IEA 
acknowledges Spain’s success in this area”. Moreover, the IEA studies support that “energy 
labelling and energy efficiency standards of appliances are among the most cost-effective 
measures to save energy. he energy efficiency gains, which the Eco-design Directive and the 
Energy Labelling Directive can deliver for energy-related products, are substantial.” 
 
In summary, in the light of the results obtained and following recommendations available in 
relevant sources within the energy field at international and national level, the proposal studied 
in the project may be an alternative way for the Spanish state to reach its short and long term 
objectives. As an example, the IEA report about energy policies in Spain suggests some key 
recommendations. Citing these suggestions, the government of Spain should: 

 “Develop, in light of the EU 2030 targets, a long-term energy strategy covering all 

sectors, including energy demand, in close consultation with all stakeholders.  

 Maintain a strong long-term commitment both to balancing the costs and revenues in 

the electricity and natural gas systems…  

 Reform energy taxation and introduce revenue-neutral fiscal incentives to encourage 

GHG reductions and energy efficiency improvements. 

  

https://www.lavanguardia.com/economia/20160711/403102440914/sector-electrodomesticos-pide-ayudas-rectivar-ventas-crisis.html
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4 Electricity Demand Modelling 
 

The DESSTINEE model (Demand for Energy Services, Supply and Transmission in EuropE) is a 

model of the European energy system in 2050, with a focus on the electricity system (electricity 

markets and trading), exploring the feasibility of 2050 energy scenarios. The model aims to test 

assumptions about the technical requirements for energy transport (particularly for electricity), 

and the scale of the economic challenge to develop the necessary infrastructure. The main 

features specified in the online platform [67] are specified below:   

- 40 countries are considered in and around Europe 

- 10 forms of primary and secondary energy vectors: Macro  

- predictive simulation technique, rather than solving a partial general equilibrium.   

- Data is therefore specified by the user (exogenously) 

 

The model is made up of three excel books or modules: 

1. Module 1: it addresses load curve transformations due to structural changes on the 

demand side and the introduction of breaking through technologies (electric vehicles). 

2. Module 2: the second module addresses active changes due to DR (demand response) 

activities by generating hourly profiles for electricity demand, country by country. 

3. Module 3: it simulates the least-cost generation and transmission of electricity around 

the continent. 

 

In spite of its complexity and it high detailed performance for creating technologic scenarios, we 

will seize this open-source model to simulate the Spanish electricity demand by sectors. 

 

4.1 Module 1: Annual Energy Demand 
 
This part of the model projects annual final energy demands to 2050 based on data for 2010, 
mainly obtained from the IEA, WorldBank and Eurostat. However, instead of building up two 
annual models, we will just input the necessary data for 2015 as if it were 2010. The following 
energy vectors (“an energy vector allows to transfer, in space and time, a quantity of energy. So 
energy vectors allow to make energy available for use at a distance of time and space from the 
source, intended as the point of availability of the primary resource in nature” [71]) and these 8 
sectors for which hour-by-hour profiles have been built up: 

 10 energy vectors or 10 fuels: hard coal, lignite, coal products, waste, biofuels, natural 
gas, oil, heat, electricity and hydrogen in some cases (this last source does not concern 
us due to its unavailability). 

 8 sectors for each country: heavy industry (refered as “heavyind”), light industry (named 
as “lightind”), commercial, domestic or residential, road, rail, sea, air. We have also 
agriculture in “Macro” sheet (it will be later explained). However, in module 2 we only 
have profiles for industry, commercial, domestic, road and rail (5 sectors). 

 
For our purpose, in this part all the necessary data and information (exogenous variables) have 
been gathered and implemented in this model. The module is divided in various sections and 
each section consists of one or more sheets. In this text, only the sheets utilised for demand 
modelling will be insightfully described.  
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4.1.1 End-use Sectors: TFC 
 
The sheets which make up the module have the same format: each one is divided into tables 

with an identifying heading. Each tab, as we have already said, corresponds to one of the sectors 

in which the final demand is grouped. Within each sector, the different tables or subsections 

that make up the sheet are the following, although in our case we will only use the first two of 

them: 

 Total energy demand (TJ): in this section it is required to provide the electricity mix share 

and the absolute energy sources demand.  

 Service demand: only for residential and commercial sectors’ sheets, we will need to 

attach some information: final end-use share. In the residential sector, electricity can be 

used for heating, cooling, sanity-hot-water (SHW) and lighting and appliances. 

Regarding commercial sector, there is a surplus end-use besides the previous one, which 

is named as “work”. It is modelled as the demand during working days. 

 Parameters (exogenous variables) 

 Calculations   

 Scenarios 

 

For the energy mix table within the tab “Total energy demand”, the data provided by the IEA 

has been used. In the Sankey-diagrams section it is also possible to split the total final 

consumption by energy sources, as shown in figure 2. However, the energy vectors in DESSTINEE 

are not exactly as the sources presented in final consumption balance mentioned: There is no 

distinction in IEA Energy Balances between biofuels and waste like in DESSTINEE, so we set 0 in 

waste and everything is assigned to biofuels. 

 

Moreover, for the final end uses there are more divisions than in DESSTINEE, so an aggregation 

for these additional sectors which appear in the IEA breaking-down has been performed. 

 Heavy and light industry: according to the author’s advice “we simply assumed that half 

of industry is heavy (and thus it runs 24 hours per day) and half is light (and thus mostly 

runs from 9 AM to 5 PM).  This approximates the share of industry which is metals, 

minerals and manufacturing (which may run 24/7) versus everything else…”  

 Commercial: its demand has been divided into two sectors: commerce and public 

services (buildings, offices, retail, entertainment, services) and other 

(agriculture/forestry, non-specified energy and non-energy use). Furthermore, the 

consumption purpose has been split into heat (space and water), cooling, and power 

(appliances and lighting). 

 Residential: We split residential into three types of demand: heat (space and water), 
cooling, and power (appliances and lighting); 

 Transport: the electricity demand in this sector comes from rail and non-specified 
subsectors, so I allocate the former one to the classification “rail” in DESSTINEE (i.e. 
480ktoe of the energy balance). 

 

In light of the above, we must identify each industry type provided by the IEA as heavy or light. 
We can assess which final industries according to the IEA classification (provided below) has 
been classified as heavy or light. We observe that heavy industries are within the group of 
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manufacturing and energy intensive industries, what matches with our definition and idea of 
heavy industry. The exception is found in chemical and petrochemical. 
 

IEA industry sectors IEA classification 

IRON AND STEEL Energy-intensive manufacturing 

CHEMICAL + PETROCHEMICAL Nonenergy-intensive manufacturing 

NON-FERROUS METALS Energy-intensive manufacturing 

NON-METALLIC MATERIALS (cement, glass, clay…) Energy-intensive manufacturing 

TRANSPORT EQUIPMENT Nonenergy-intensive manufacturing 

MACHINERY Energy-intensive manufacturing 

MINING AND QUARRYING Nonmanufacturing 

FOOD AND TOBACCO Energy-intensive manufacturing 

PAPER PULP AND PRINT Energy-intensive manufacturing 

WOOD AND WOOD PRODUCTS Energy-intensive manufacturing 

CONSTRUCTION Nonmanufacturing 

TEXTILE AND LEATHER Nonenergy-intensive manufacturing 

NON-SPECIFIED (INDUSTRY) Nonenergy-intensive manufacturing 

 
Table 2: Industry sectors according to IEA classification 

 
On the other hand, electricity hourly profiles are available online in the “e·sios” platform, which 
works hand in hand with REE (Spanish Electricity Grid, system operator). Some of the electricity 
demand profiles available, then, correspond to “interruptibility service” providers. The 
“interruptibility service” is a demand management tool to give a quick and efficient response to 
the needs of the electrical system according to technical (system safety) and economic (lower 
cost for the system) criteria. This service is activated in response to an order of power reduction 
given by REE (Spanish electricity grid), the electricity grid’s system operator, to the large 
consumers who are suppliers of this service, mainly large industry. [72]. The interruptibility 
service provided involves, then, the most constant and energy demanding industrial sectors. 
Taking into consideration the definition provided for the heavy industry, the hourly profiles 
variability, tendencies and constancy along the year has been analysed. Then, the following 
industries have been identified as heavy: 

 Cement: its profile is sharpening, but the mean-hourly profile is very flat, presenting a 
maximum at 275 MW between 00-07 a.m. and a lower bound of 210 MW between 
07a.m. and 6pm with a gradual rise until 00 a.m. 

 Glass: very constant profile, moving between 21-21.5 MW 

 Chemical industry: one of the most powerful industrial sectors. Its demand presents a 
flat average annual profile, with a maximum of 494 MW at 2 a.m. and a minimum mean 
demand at 9 a.m. of 410 MW. 

 Metallurgy and steel: those are the most demanding heavy industries, and their 
electricity requirements can reach up to 2,000 MW by hour.    

 Desalination: constant profile on the whole, but the profile ranges from 9.5-10.5 MW  

 Machinery: very changeable shape but always oscillating around 50 MW, with a lower 
bound from 2a.m. until 10 p.m. and greater values around 00-05 a.m.   

 Wood: its hourly profile is very constant, around 60 MW.  
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 Paper industry: it operates 24/7 the whole year with a mean demand of 351 MW and 
an upper bound of 422 MW. 

 
There is an ultimate sector in the e·sios platform named “various”: they are sectors with a lower 
weight and whose breakdown is not detailed. For instance, if there were a provider in the food, 
textile sector, etc., it would appear in this group. Hence, it corresponds to the IEA group “non-
specified (industry)”. 
 
Once analysed both classifications, we must match the industrial activities given by the IEA and in 
REE. The identification is provided in the table below and the mean profiles have been depicted for 
weekdays and the 365 days of the year 2015.    

 On the one hand, IEA’s division has been set according to the International Standard Industry 
Classification (ISIC) 2008, review 4. 

 On the other, REE categories follow the National Classification of Economic Activities (CNAE) 
2009. We deduce that the Metallurgy sector includes iron industry as well as the industry 
devoted for non‐ferrous metals 
 

IEA industry sectors REE interruptibility sectors Type of industry 

MACHINERY Machinery Heavy 

NON-FERROUS METALS Metallurgy heavy 

IRON AND STEEL Metallurgy and Steel Heavy 

NON-METALLIC MATERIALS (cement, glass, clay…) Cement and Glass Heavy 

CHEMICAL + PETROCHEMICAL Chemical Heavy 

PAPER PULP AND PRINT Paper industry Heavy 

WOOD AND WOOD PRODUCTS Wood industry Heavy 

 
Table 3: Heavy industry sectors according to IEA classification 

 

Finally, we can build the mean average hourly demand for the Spanish heavy industry, with an 

annual demand of 179 PJ (49,000 GWh). It has been plotted in blue the mean weekday demand 

(heavy industry demand from Monday to Friday except holidays) and in orange the mean profile 

over the 365 days of the year, both in GWh. As a result, the mean profiles are quite similar 

although we observe a lower demand for weekdays during Sun hours.  
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Figure 4: Heavy industry mean profiles for weekdays and for all 365 days 

 

Once we have set this relation for the industry sector, between REE profiles and IEA data, we 

can show the energy mix for each sector in TJ. These data can be acquired online in the energy 

balance provided for every country and year in IEA’s website. Furthermore, in the cases of the 

residential and commercial sectors, we include the different energy demand provided by the 

IEA in its energy efficiency indicators report [30]. We appreciate in this second table the 

importance of the appliances and lighting demand in the residential sector, which is our target. 

 

Energy vector Heavy industry Light industry Commercial Residential Road Rail 

Hard Coal 0 0 1,215 3,726 0 0 

Lignite 0 0 0 0 0 0 

Coal Products 21,000 1,000 43,710 0 0 0 

Waste 0 0 0 0 0 0 

Biofuels 44,000 12,000 7,118 105,382 41,868 0 

Natural Gas 209,000 80,000 316,815 131,143 12,560 0 

Oil 75,000 40,000 217,047 124,892 1,059,260 4,187 

Heat 0 0 2,721 0 0 0 

Electricity 179,000 97,000 289,182 252,255 0 20,097 

  
Table 4: Energy mix by end-use sector [TJ] 

 

2015 End-Use Shares  % Commercial Residential 

Space Heating 33 44 

Water Heating 20 23 

Cooling 22 1 

Lights & Appliances 25 32 

 
Table 5: End-use shares [%] for commercial and residential sectors 
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4.1.2 Electricity data 
 
In this tab, all the electricity end-use sectors demand (measured in TJ) DESSTINEE uses to 

calculate and estimate the load profiles of the 5 “pseudo sectors” is summarised: industry, 

commercial, residential, road, rail. All this information will be after imported by the second 

module in order to build up the electricity profiles.  

 

However, DESSTINEE calculates electricity transmission and distribution losses, i.e. electricity 

losses that take place from the busbars (b.b.) of the power plant (on terminals of the alternator 

that produces electricity) to the place where the electricity is demanded (the end-use sectors). 

In e·sios it is also possible to obtain data for peninsular transmission and distribution losses hour 

by hor. We must take into consideration that the values are measured for the Spanish Peninsula 

(instantaneous values of power in MW), so I need to obtain an equivalent for Spanish losses 

(considering both the archipelagos and the autonomous cities). Since losses provided by the IEA 

Energy Balance are for Spain [63], I will perform a direct proportion to each hourly value in order 

to obtain the equivalent losses for Spain, which sum a total of 26,504 GWh = 2,279 ktoe = 95,414 

TJ as IEA states. Hence, we can define its Losses-to-Demand ratio as 26,504/262,931= 0.1008: 

for each GWh produced, almost 10 % will be lost into the grid due to distribution and transport 

losses This value is meaningful and also logic because the proportion Losses-to-Demand at 

busbars is similar regarding REE data (its Losses-to-Demand ratio is 24,776/248,047 = 9.99 %). 

 

In the “electricity” sheet within Module 1, the DESSTINEE model provides an electricity breaking-

down (in TJ) by sector and further divided not only for residential and commercial sectors, but 

also for the other electricity demanding sectors. In regards to road and rail demands, the term 

“passengers” stands for people transport and “freight” for goods, commodities and other 

physical products. The main results that can be read are that, according to IEA: 

 Electricity TFC in 2015 was 236,050 GWh.  

 Transmission and Distribution losses resulted in 3,720 + 21,056 = 26,504 GWh 

 The electric demand at busbars (from now on, demand b.b.) was equal to 248,047 GWh. 

 

 

End-uses  
by Sector 

Industrial Commercial Residential Road Rail Losses 
Profile 
known 

Heavy Industry 179,000 - - - - -  v 
Light Industry 97,000 - - - - - - 

Space heating - 27,975 31,860 - - - - 
Water heating - 17,282 16,654 - - - - 
Cooling - 100,098 6,174 - - - - 
Power - 115,735 197,567 - - - - 
Work - 28,177 - - - - - 

Passengers - - - 0 14,666 - - 
Freight - - - 0 5,430 - - 

Transmission & 
Distribution 

- - -  - 95,417  v 

 
Table 6: Electricity end-use share by sector [TJ] 
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4.2 Module 2: Electricity Demand Profiles  
 
This second sheet consists of 4 parts in different sheets: 

 Annual electricity demands collated from the other worksheets. It is basically the 
Module1’s Electricity sheet, 

 General data on climate and holidays 
 Daily profile 'templates' for each sector, which are used to build the overall profile 
 Instructions and button to generate profiles 

 
The generation of hourly profiles entirely happens inside VBA macros (Visual Basic for 
Applications). The profiles are built in a separate workbook as they occupy many sheets and a 
reasonable amount of disk space.  
 

4.2.1 Control 
 
The control sheet acts as an interface for VBA activities to construct load profiles and curves, 

thus controlling electricity demand. In order to generate the hourly profiles of the electrical 

demand, the following “macros” are provided and must be followed:  

1. “Update annual demand": to take the latest version of the data found in Module 1. 

2. “Launch Profile Builder": to create the profile. The Macro initially did not work properly 

because the default model needed to create a workbook with a worksheet called 

“ElecProfileBuilder” (formerly called Sheets(“Sheet1”).Name = Sheetname). 

 

4.2.2 Annual Demand 
 

It has the same data for the year 2015 summarised in MODULE 1/ELECTRICITY. We can observe 

how the Electricity TFC is built by the sum of commercial + residential + industrial +road +rail. 

 

4.2.3 Profiles 
 
Each sector is represented by different daily profiles according to the season of the year, and 

even if we are on a weekday or weekend. These profiles form the backbone of the annual profile, 

and are then modified according to weather, public holidays, etc. Some sectors have even 

separate profiles for weekdays and weekends, and for winter and summer. The values are 

normalized to an arbitrary point, so the total demand for that sector is derived from the total TJ 

demand for that sector (taken from the annual sheet).   

 

Each profile consists of a mean and standard deviation for 24 hourly values. Then, the profile 

builder adds then a stochastic element to these profiles by randomly walking around within this 

range, so this element has been removed because we have input the final demands we really 

want to obtain. As a result, except for heavy industry and energy losses, normalised profiles have 

been used to modulate electricity Spanish demand: 

 

4.2.3.1 Industrial profiles 

 

 Heavy industry: it is assumed that heavy works 24/7 and has no heating, therefore at a 
country level, its profile is flat across the year. We have seen that this assumption does 
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not match the previous results, so the profile calculated for heavy industry will be used 
instead. 

 Light industry: following the initial hypothesis given in the model, it is also assumed that 
light industry follows the same profile as commercial’s profile in summer. 

 

4.2.3.2 Commercial profiles 

 

 Space heating, water heating and cooling: it is assumed they follow the same profiles as 
residential ones. 

 Power: also referred as commercial’s profile. Profile provided for appliances and other 
non-heating or cooling demand - split into summer/winter and weekday/weekend. In 
addition to the profiles, other parameters are used to adjust the power profiles to 
different days. The “Weekend Scaler”: it reduces every profile’s value by 94 % for 
Saturdays and Sundays. 

 
 

 
Figure 5: Default normalised profiles for appliances in the commercial sector 
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4.2.3.3 Residential profiles 

 
The domestic sector has profiles for.  There is a separate profile for cooling. 

 Space heating, water heating and cooling: each end-use has its own normalised profile. 
It is assumed they follow the same pattern on weekdays and weekends. Heating and 
cooling demand vary according to the Heating Degree Days (HDD) and Cooling Degree 
Days (CDD) experienced, respectively. The default profiles are depicted below. 

 Power: demand for appliances and lighting is split into summer and winter, and weekday 
and weekend. Therefore, we also have four different profiles even though different from 
commercial’s ones, as we can appreciate in the graphics. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Default normalised profiles for space heating (up and left), water heating (up and right) and cooling (down) 

in the residential sector 
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Figure 7: Default normalised profiles for appliances in the residential sector 

 

4.2.3.4 Rail profiles 

 
Finally, for freight and passengers transport by rail, the normalised profiles for electricity 
demand are split into weekdays, Saturdays and Sundays due to the intensity of transport. 
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Figure 8: Default normalised profiles for passengers and freight transport in the rail sector 
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thorough description, we will extensively review the code and the macros to explain the 

modifications implement into the input profiles: 

 

A VBA project includes both sheets, modules and forms where the different macros and 

functions of VBA are written. a module is a part of the Excel file, available in the Project Explorer 

(from the Visual Basic Editor) that allows us to organize the code into different files. There are 4 

different items in a class module: 
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1. Methods: we can have a function (it returns a result) or a Sub (it cannot return a value 

after performing a task). They can either be private (they can be called only from the 

object where is declared) or public (can be called from any of the project’s module) 

2. Member variables: the variables can be declared using private, public arguments. To 

declare it we use “Dim” and then we specify what can of variable is: from a number (as 

long, integer, double, etc) up to a name (as string, etc)  

3. Properties: types of functions/subs that behave like variables (get, set and let) 

4. Events: subs that are triggered by an event 

 

The DESSTINEE model consists of a large number of functions that integrate an utterly complex 

and extensive code, grouped into 7 modules. This is due to the fact that it not only calculates 

the demand profiles for Spain, but also generates them for all EU countries, if desired, as well as 

creating a new file that collects all this information. As an explanation, we will go through the 

subroutines that calculate the profiles by sectors explaining one by one the changes and 

functions that are applied in order to be able to generate, from the standard profiles shown 

above, the hourly accumulated demand for 2015 in Spain. 

 Weekend Reduction: it is applied to commercial and residential power profiles. This 

parameter reduces by 20 % hourly the activity relative to weekends.  

 Morning shift: it is applied to commercial and residential power profiles. This is a 

function that shifts the morning earlier or later: if Morning shift = -1, then It shifts the 

morning earlier by one hour from 2 a.m. to 2 p.m. (e.g., the profile’s value at 3am will 

have the value of 4am). 

 Evening shift: it is applied to commercial and residential power profiles. This is a function 

that shifts the evening earlier or later from 2 p.m. to 2 a.m. 

 Summer/Winter intensity: it is applied to commercial and residential power profiles. 

This function adjusts profiles only for lighting: it takes normalised values from 

normalised lighting curves by country to increment/reduce the amount of light for 

Summer/Winter days. For summer the lighting is assumed to be reduced by 50 % when 

compared to Winter days. 

 Daily HDD: it is applied to (residential) heating profiles, i.e. space and water heating. It 

is a function which produces a daily array of HDD for every day of the year (365 values).  

It takes each country’s heating base temperature and, then, it constructs the HDD by 

making the difference between the country’s temperature at a given hour h for the day 

d and its heating base temperature, so it adds up this 24 differences for a day. The result 

is divided by 24 to obtain an equivalent HDD. 

o The base temperature is the outdoor temperature that sets when the building 

needs heating or cooling from when it doesn't. If the outdoor temperature is 

higher than the base temperature, the building's heating system shouldn't have 

to operate to maintain the desired indoor temperature. If the outdoor 

temperature is at or below the base temperature, the building needs heat. The 

same goes for the cooling base temperature. 

 Daily CDD: it is applied to the (residential) cooling profile. It is a function which produces 

a daily array of CDD for every day of the year (365 values), following a similar process as 

the one explained for HDD. For the calculus of the HDD and CDD the mean temperature 

of 2015 in Spain has been obtained hour by hour in [67,68]. 
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 Day of the week: it is applied to the commercial and residential power profiles, as well 

as to (residential) heating and cooling profiles via the daily HDD and CDD vector. The 

function gives in return the day of the week so the code knows whether is a weekday, a 

holiday, Saturday or Sunday.  

 Holidays factor: it is applied to commercial profiles but to work (work profile is 

normalised the value 1 for every day of the year). This function applies a given fractional 

reduction (or perhaps an increment) for the respective demands if the day considered 

is a holiday. Given that 1900 is a leap year (1900 is the reference year used by Excel) and 

2015 it is not, to name 31-dic (365) we write instead 30-dic (365), or 15-ago instead of 

16-ago, and so on. Nevertheless, the days before 28-feb are not modified. The 

normalised values for the commercial sector are calculated as follows considering the 

holiday factor: for space heating and cooling it is considered that the effect of a holiday 

is softer than in power and SHW demands. 

 

power(h)  =   profile(h) ∗  holidayFactor 

water(h)    =  water(h)   ∗  holidayFactor 
heating(h) =  heating(h) ∗  myHDD ∗ (1 +  holidayFactor)/2   

cooling(h) =  cooling(h) ∗  myCDD ∗  (1 +  holidayFactor) / 2 

work(h)     =  1 

           

 Seasonal Interpolate Profiles: it is applied to the commercial and residential power 

profiles. This function uses as inputs the summer and winter profiles and returns, for a 

given hour i (whose value ranges from 1 to 24), the weighted normalised value for that 

hour by interpolating summer and winter values: we have that 22nd-dec  𝑦=1, and that 

21st-jun  𝑦=0. The mathematical formula and the plot for the mathematical expression 

𝑦 are presented below: 

 

𝑦 =  
1

2
{1 +

sin[(𝑑𝑎𝑦 + 9) ∗ 2𝜋]

365
} 

 

profile(i) =  (winterProfile(i) ∗  y) + (summerProfile(i) ∗  (1 −  y)) 

 

 
Figure 9: Seasonal Interpolate profile representation. Each calendar day (horizontal axis) has a fractional value 

between 0 and 1 (vertical axis) 
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Finally, once every normalised valued has been calculated for every hour and for every sector, 

the absolute demand for a given hour i (whose value ranges from 1 to 8760) is obtained in units 

of GW. To do so, every normalised value is scaled by the ratio AnnualTJ/AnnualSim:  

 

demand (i)  =  demand_norm (i)  ∗  AnnualTJ / AnnualSim / 3.6 

 

where AnnualTJ is the annual demand for a given demand type (residential space heating or rail-

freight, for instance), imported from Module 1; and AnnualSim is the equivalent annual 

normalised demande, i.e. the summation of normalised values demand_norm (i) for a given 

demand type. 

 

Nonetheless, since we are dealing with IEA data and REE profiles (for heavy industry and 

electricity transmission and distribution losses), there is a minute disparity in the electricity 

balances, summarised in the following table: 

 Statistical differences include the sum of the unexplained statistical differences for 

individual fuels, as they appear in the basic energy statistics. It also includes the 

statistical differences that arise because of the variety of conversion factors in the coal 

and oil columns. 

 Combined heat and power (CHP) plants: they refer to plants designed to produce both 

heat and electricity, sometimes referred to as cogeneration power stations. Total gross 

electricity produced appears as a positive quantity in the electricity column and heat 

produced appears as a positive number in the heat column. Therefore, in Spain the heat 

production by CHP = 0.  

 Electricity plants: refers to plants which are designed to produce electricity only. Both 

main activity producer and auto-producer plants are included here: “Gross electricity 

produced” and “power stations' own consumption”. In the IEA energy balance, columns 

1 to 8 show the use of primary and secondary fuels for its production as negative entries. 

Transformation losses appear in the total column as a negative number 

 Energy industry own use: contains the primary and secondary energy consumed by 

transformation industries for heating, pumping, traction, and lighting purposes. These 

quantities are shown as negative figures. Included here are, for example, own use of 

energy in coal mines, own consumption in power plants (which includes net electricity 

consumed for pumped storage) and energy used for oil and gas extraction. 

 

IEA REE 

Concept Value (GWh) Concept Value (GWh) 

CHP plants 29,517 Cogeneration  25,108 

TOTAL  
(CHP + electricity plants) 

277,678 
Spanish Generation  267,945 

Spanish Demand b.b. 263,073 

Energy industry own-use -18,957   

Statistical differences -46,52 

Energy losses -26,504 Energy losses  -24,776 

TFC IEA - DESSTINEE 232,672 TFC Spain 236,050 

 
Table 7: Comparison between IEA and REE data 
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Due to the difference found in TFC (232,672 and 236,050), we multiply every final demand in 

each subsector by the ratio 236,050/232,672=1.0145, so the Total TFC estimated equals to the 

value provided by REE. Therefore, when we obtain results in regards to errors, deviations and 

so on, those will not be contaminated by the additional error of the total electricity demand. 

Furthermore, what this action implies is that we keep the end-use energy shares provided by 

IEA and, on the other hand, we consider more accurate the value provided by e·sios because it 

will be implemented in the subsequent comparison hour by hour for the estimated profile.  

 

For i = 1 To 8760 

 

   ‘Residential sector: 

         heating(i) = heating(i) * heatingAnnualTJ / heatingAnnualSim * 1.0145 / 3.6 

         cooling(i) = cooling(i) * coolingAnnualTJ / coolingAnnualSim * 1.0145 / 3.6 

         water(i) = water(i) * waterAnnualTJ / waterAnnualSim * 1.0145 / 3.6 

         power(i) = power(i) * powerAnnualTJ / powerAnnualSim * 1.0145 / 3.6 

 

   ‘Commercial sector: 

         heating(i) = heating(i) * heatingAnnualTJ / heatingAnnualSim * 1.0145 / 3.6 

         cooling(i) = cooling(i) * coolingAnnualTJ / coolingAnnualSim * 1.0145 / 3.6 

         water(i) = water(i) * waterAnnualTJ / waterAnnualSim * 1.0145 / 3.6 

        power(i) = power(i) * powerAnnualTJ / powerAnnualSim * 1.0145 / 3.6 

        work(i) = work(i) * workAnnualTJ / workAnnualSim * 1.0145 / 3.6 

 

   ‘Industry         

heavy(i) = Heavyind_TFC_Spain _MW(i) / 1000 * 1.0145 

light(i) = light(i) * lightAnnualTJ / lightAnnualSim * 1.0145 / 3.6 

 

   ‘Rail 

passenger(i)=passenger(i)*passengerAnnualTJ/passengerAnnualSim* 1.0145/3.6 

        freight(i) = freight(i) * freightAnnualTJ / freightAnnualSim * 1.0145 / 3.6 

 

   ‘Losses         

            losses(i) = Losses_Spain_Scaled_GW(i) 

  

Next i 

 

 

4.3 Simulations 
 
Once all the data have been updated and also introduce, the firs simulation has been run. The 
heavy industry and losses profiles have been added, something that really helps to forecast the 
real demand since we can focus on the other 3 main sectors (due to a null road). We have 
performed three characteristic types of profiles, which are plotted below their description:  

1. Mean Weekday Profile (Mean WD): the first profile is obtained from Monday to Friday 
except for those days that coincide with holiday, so the electric demand in these cases 
would present an unusual shape. 
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2. Mean 365-days Profile (Mean 365): the second profile is the simplest since is obtained 
throughout the mean average of the hourly demand for each single day of 2015.  

3. Mean Weekend Profile (Mean WE): this profile resumes the behaviour and the 
tendencies of Saturdays and Sundays’ electricity demand, regardless whether it is a 
public holiday. Thus, it provides a general conception of how the electric profile changes 
when there is lower demand.  
 

 
 

Figure 10: Mean profiles for weekdays, the 365 days of the year and weekends in 2015 

 

This first simulation has been also run with some basic modifications: 

 Weekend reduction: to do so, we have first calculated for every real TFC value its relative 
difference with its correspondent hourly value for the Mean WD profile. Then, once we 
have obtained all these 8760 percentages, an average for this results have been 
performed filtering by day of the week, whether the day was weekend-day or not. The 
weekend reduction obtained is -14.51 % (previously it was -20 %). 

 Holidays factor: following the same procedure, for every day out of the 365 days of 2015, 
the mean daily reduction has been calculated. For those days with the biggest mean 
reduction or increasing compared to the Mean WD demand, a correspondent 
“holidayFactor” has been assigned. 

 
 

4.3.1 1st Simulation Results 
 
We first proceed with a brief explanation and comparison between real and estimated profiles. 
The mean real and estimated profiles, together with the estimated sectors’ demand are 
depicted after the discussion.  

1. Mean WD: almost all the TFC Estimated is equal or lower for every single hourly value. 

The maximum is anticipated and narrower than the real one.  

2. Mean 365:  

a. The whole profile is delayed when compared to the real behaviour of electricity 

consumption if we look at the maximum and minimum values. 
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b. During the night the estimated values are higher even though form sunrise until 

sunset the expected values are lower. 

3. Mean WE:  

a. The whole profile is even more delayed for the weekend are smoother, the 
peaks and valley differences in the real demand are more accused.  

 
Maximums = peak hours and peak demand 

1. Mean WD: from 9 to 12 pm between 32-33GW and the second one during the evening 
takes place from 18 to 20 pm at 30-31GW. 

2. Mean 365: from 10 to 13 pm around 31GW and the second peak is produced also later 
in comparison to weekdays, concretely between 20-21 when the demand is equal to 
30GW. 

3. Mean WE: the first maximum is narrower since it is produced from 12 to 13 and even 
lower (27GW demanded), although we observe that the second peak is not smaller but 
equal to the midday one, around 21pm. 

 
Minimums = valley hours and valley demand 

1. Mean WD: from 1-3am we observe the first minimum with a demand of less than 22GW, 
and the valley hour takes place in the evening after lunch time, i.e. 15-17pm where the 
demanded electricity is 33GW 

2. Mean 365: the interval at which the valley demand during the night happens is on hour 
elapsed, i.e. from 2 to 4am. The second minimum of the day is also delayed (as the first 
maximum) but higher, with a value of 28GW between 16-18pm. 

3. Mean WE: the lowest value of the day is even more delayed and lower, since the 
demand in this case is a bit higher than 20GW between 4-6am. However, the second 
minimum of the day is maintained in time with respect to the 365-day mean, from 16-
18pm, although the value is lower as we could expect: 24,5GW. 

 
 

4.3.1.1 Real and Estimated profiles: annual time-series analysis 

 
We have studied the year profile from winter, i.e. 21st -dic because DESSTINEE uses both summer 
and winter profiles to build every daily profile as a weighted average of these profiles, depending 
on how close or distant we are from each solstice. After having obtained the yearly profile we 
proceed with the evaluation of peak and valley hours. Spanish dairy electric demand is featured, 
as already mentioned, by two relative maximums and minimums. If we plot the four relative 
extremes we observe that they behave exactly, meaning that the profiles are, more or less, 
proportional among them (we can find exceptions along the year, mainly at weekends and 
holidays). This reveals an important characteristic for modelling the demand due to we can 
reaffirm the use of standard curves to reproduce the behaviour throughout the year with 
DESSTINEE. 
 
1. Weekdays – Peak hours 
 
From 1st November-Dec-Jan we observe that midday and evening peaks are very similar even 
though at midday the demand is higher generally. From February a higher difference between 
maximums starts, becoming bigger with the passing of days until summer (concretely July and 
August), when the difference reaches its maximum of 3,5GW both 23/06 and 24/07. 
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Figure 11: TFC mean profile and estimated mean profile broken down into end-use sectors 
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Fridays, together with Mondays, present usually the highest differences between peak hours. 
The reason for Fridays lays on leisure and entertainment activities of services sector with the 
arrival of the weekend, but for the case of Mondays is more difficult to explain the reason.  

 Midday-peak in WINTER: most of the times it is higher or equal than evening-peak 
o The demand is higher than 35GW from 07/01 until 13/02, when it reaches its 

higher values. After, from 16/02 until March, the values range around 33GW 

 Midday-peak in SPRING 
o From the end of March until the beginning of April we continue with peak values 

of 33GW, and then during April and May the demand decreases to 31GW. 
However, the midday-peak starts increasing from the end of May until reaching 
33GW. 

 Midday-peak in SUMMER 
o The increasing tendency continuous until obtaining the highest values of the 

year, greater than 35GW from July until the second week of August, when 
midday-peak’s profile begins to fall down up to 32GW.  

 Midday-peak in AUTUMN 
o The tendency at the end of summer continuous leading the peak demand to 

31GW from September until November, month when the peak demand starts 
increasing again. Thus, from November until Christmas the values increase until 
33GW. 

 
2. Weekdays – Valley hours 
 
The most striking feature of the difference between valley hours along the year is how periodic 
is its tendency: he maximum of the week always happens on Mondays, achieving a lower but 
constant value until Fridays when the difference is further reduced for weekends. During 
January and February, and also during July and August (the coldest and hottest months of the 
year respectively), we find the highest differences between valley hours, whose values range 
between 11 and 9GW for all days. 
 
From March to July we can observe that such difference has a convex shape (the periodic profile 
reaches its lowest values at the end of April), and this behaviour disappears for the rest of year 
with an upper bound of 11GW and a lower bound around 8GW. 

 Evening-valley in WINTER 
o The demand is higher than 30GW in January and February, reaching high 

relative values. After 01/03 the values are lower than 30GW. 

 Evening-valley in SPRING 
o From the end of March until the end of April the demand remains lower but 

increases and remains again constant at around 30GW. Once again, during this 
period, the shape is convex. 

 Evening-valley in SUMMER 
o The increasing tendency continuous until obtaining the highest values of the 

year, greater than 32GW during July, when midday-peak’s profile begins to fall 
down up to 30GW by the beginning of September. 

 Evening-valley in AUTUMN 
o The tendency at the end of summer continuous leading the peak demand to 

31GW from September until November, month when the evening valley ranges 
around 28GW like in spring, with a convex form. When December starts the 
evening-valley increases and remains constant at 30GW. 
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3. Weekends – peak hours 
 
The most remarkable fact is that midday-peak is much lower for Sundays whilst evening-peak is 
remarkably lower for Saturdays and Sundays. Another aspect which is worth considering is that 
Sundays’ evening-peak is surprisingly higher (against weekday behaviour) than midday-peak. 
Nonetheless, midday-peaks on Saturdays are always higher or equal to Sundays’. 
 
Saturdays’ tendency is halfway between weekdays and Sundays. In fact, Sundays and holidays 
always present their highest electricity demand in the evening and not around midday. Similar 
to weekdays, the closer we are to summer days the smaller is this difference between midday 
and evening peaks.  
 
4. Weekends – valley hours 
 
We have comparable behaviours with respect to peak values regarding low demanding hours, 
since the difference between evening and morning valley on Sunday is lower than the one 
presented on Saturday: 

 On the one hand, Saturday’s evening-valley demand is, again, halfway between Friday 
and Sunday, what explains why its difference with morning-valley is higher. 

 On the other, Saturday’s and Sunday’s lowest demand (during the morning) have always 
comparable values as long as we do not consider exceptionalities. 

 
Herein we collect all this information gathered in an Excel workbook. In order to obtain such 
data from the whole profiles, both real and estimated, it has been necessary to create a code. 
The code consists of 4 functions that returns an average value (the 2 minimums and the 2 
maximums, for the real and the estimated profiles), in addition to the deviation of the estimated 
demand and the real demand hour-by-hour in comparison to the weekday mean. 
 

 Morning valley Midday peak Evening valley Evening peak 

TFC Real – Mean 365     
Value (GW) 21.02 31.21 27.95 30.48 
Hour (hh:mm) 03.20 11.02 16.50 19.02 

TFC Estimated – Mean 365     
Value (GW) 22.77 28.73 26.84 30.60 
Hour (hh:mm) 02.28 08.32 15.19 18.40 

TFC Real – Mean WE     
Value (GW) 20.28 26.67 24.13 27.33 
Hour (hh:mm) 04.04 11.16 15.54 20.05 

TFC Estimated – Mean WE     
Value (GW) 21.69 25.97 24.43 27.35 
Hour (hh:mm) 02.56 9.47 15.48 19.35 

 
Table 8: peak and valley demand data of mena profiles for the 365 days of the year and weeknds, for boh real and 

estimated annual demand curves 

 

It has been depicted the annual profiles, previously discussed by seasons and by the days of the 

week. The annual evolution profiles have been separted in winter (21/Dec-20/Mar), spring 

(21/Mar-20/Jun), summer (21/Jun-20/Sep) and autumn (21/Sep-20/Dec). 
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Figure 12: real and estimated electricity TFC in 2015, split by seasons  
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Part of the results will be explained by the deviation with respect to the real demand. For this 
purpose, we have opted for an error evaluation when calibrating the model. If we express the 

real demand as 𝑑𝑟𝑒𝑎𝑙,𝑡 and the estimated demand as 𝑑𝑒𝑠𝑡𝑖𝑚,𝑡, then the deviation between real 

and estimated values at a time 𝑡 can be written as 𝑒𝑡. In order to compare the obtained results, 
some useful indicators have been implemented. 

 MAE (Mean Absolute Error): for each quantity, its deviation is calculated regardless its 

sign and all these values are then summed and divided by the total number of data. 

MAE [GW] =  
1

𝑛
∑ |𝑒𝑡|

8760

𝑡=1

  →   MAE = 2.22GW 

 MAPE (Mean Absolute Percentage Error): the MAE is expressed in percentage. 

MAPE( %) =  
1

𝑛
∑

|𝑒𝑡|

𝑑𝑟𝑒𝑎𝑙,𝑡
 →   MAPE = 8.45 %

8760

𝑡=1

 

 MSE (Mean Square Error): It also avoids the sign influence as MAE does by squaring all 

deviations considered. 

MSE =  
1

𝑛
∑ 𝑒𝑡

2

8760

𝑡=1

 →   MSE = 8.00   

 

 NRMSE (Normalised Root-Mean-Squared Error): the accuracy of the shape of the average 

daily-aggregate load profile is evaluated by means of NRMSE. 

NRMSE( %) = √ ∑
𝑒𝑡

2

8760

8760

𝑡=1

𝑑𝑟𝑒𝑎𝑙,𝑡
̅̅ ̅̅ ̅̅ ̅̅⁄  →   NRMSE = 10.5 % 

Suggested changes 

a) There are almost no differences between estimated dairy profiles, completely different 

from TFC real profiles. Thus we have to modify parameters affecting weekends and 

holidays. There is overlapping of holidays and weekends for the following days: 15/02, 

01/03, 29/03, 04/04, 05/04, 02/05, 15/08, 25/10, 01/11, 26/12, 27/12. For these days it 

should be performed a holiday reduction such that there is not a surplus reduction in 

demand when applying this factor. Thus, Mean WE Demand must be reduced. 

b) If we check and compare winter and summer-shapes profiles, it could be also an option to 

shift the “seasonal interpolate profile” or modify Saturdays’ profile. 

c) The residential profile must be changed to obtained a higher first peak of the demand. If 

we observe the other sectors, the higher values are reached about midday and not in the 

evening as the estimated residential demand expected. Thus, WD demand must be raised. 

d) In regards to commercial sector and light industry (since it is assumed that follows its 

behaviour), they are, as well as the residential sector, responsible for the low peak-demand 

of the estimated profile. According to [25], the commercial profile must have a towering 

maximum at midday, although the profiles proposed in DESSTINEE lack of this peak. This 

should be also considered. 
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In order to assess these changes suggested we will proceed by implementing them one by one, 
so we can evaluate its own effect on the whole profile and the estimated demand. Obviously, 
all the changes performed in the first simulation (data updating, unreported onsite generation, 
holidays, heavy-industry profile and non-variable normalised profiles) have been used. 
 
 

4.3.2 Change a). Weekend reduction, Holidays Factor and Boundary-smoothing 
 
We are going to change and study holiday-demand reductions. For this task we focus on the 
values for |𝑒𝑡|/𝑑𝑟𝑒𝑎𝑙,𝑡 (%), so I can evaluate and propose the new holiday reduction. For 
example, if 24/12 has -11 % and a holiday reduction factor in Module 2 of -19 %, the reduction 
suggested would be -8 %. Therefore, the new “Holidays Factor” (name of the variable in the 
code) for each day shall be the following ones. The new proposed days to be subjected to a 
holiday reduction factor have been coloured in the following table: 
 

Date Real date Holidays Factor 𝒆𝒕/𝒅𝒓𝒆𝒂𝒍,𝒕 
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅  New Holidays Factor 

01/Jan 01/Jan -19 % 31 % -50 % 

06/Jan 06/Jan -15 % 24 % -39 % 

15/Feb 15/Feb -10 % -2 % -8 % 

29/Feb 01/Mar -15 % 0 % -15 % 

28/Mar 29/Mar -20 % 3 % -23 % 

01/Apr 02/Apr -19 % 11 % -30 % 

02/Apr 03/Apr -27 % 16 % -43 % 

03/Apr 04/Apr -23 % -3 % -20 % 

04/Apr 05/Apr -26 % 3 % -29 % 

05/Apr 06/Apr -19 % 8 % -27 % 

30/Apr 01/May -23 % 11 % -34 % 

01/May 02/May -20 % -1 % -19 % 

14/Aug 15/Aug -18 % 1 % -19 % 

11/Oct 12/Oct -22 % 12 % -34 % 

24/Oct 25/Oct -23 % -5 % -18 % 

31/Oct 01/Nov -23 % -3 % -20 % 

07/Dec 08/Dec -13 % 9 % -22 % 

23/Dec 24/Dec -13 % -10 % -3 % 

24/Dec 25/Dec -26 % 4 % -30 % 

25/Dec 26/Dec -19 % -1 % -18 % 

26/Dec 27/Dec -19 % 0 % -19 % 

29/Dec 30/Dec -15 % 1 % -16 % 

30/Dec 31/Dec -16 % -10 % -6 % 

 
Table 9: Holidays Factors and mean electricity demand reduction (%) for the given days 

 
With these new percentages we can remove from the holiday list in Module 2 some days that 
do not required a surplus reduction in the demand (written in bold letters), and include others 
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that do really need it. In fact, we can observe that for 15/Feb, 24/Dec, 31/Dec the difference is 
lower than 10 % (dates marked in bold).  
 
On the other hand, we identify that some weekdays and non-holidays have great mean 
deviations with the real TFC. In the first table we have coloured in orange all the days with a 
strong reduction but have not been previously considered since they are not holidays 
 

Day 05/Jan 18/Jan 30/Jan 01/Feb 08/Feb 20/Feb 15/Mar 10/May 22/Nov 

𝒆𝒕/𝒅𝒓𝒆𝒂𝒍,𝒕 
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 11  % 11  % -11  % 16  % 15  % -12  % 12  % 11  % 13  % 

 
Table 10: dairy demand reduction in percentage between real and estimated profiles 

 

4.3.2.1 Changes and Code modification 

 
The implementation of an “august-reduction factor” and a reduction day-by-day for June and 
July have been considered and implemented 

 In august all days have a mean deviation of 11 %  

 In June and July some weekends have strong reduction: during the hottest days of the 
year, the weekend reduction is accused because people and families spend those free 
days outside. In order to address the reduction for the days coloured in orange in the 
table below, a new function in the model’s code has been set.  

 

Day 07/Jun 21/ Jun 27/ Jun 28/ Jun 29/ Jun 5/ Jul 12/ Jul 19/ Jul 26/ Jul 

𝒆𝒕/𝒅𝒓𝒆𝒂𝒍,𝒕 
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 16  % 17  % 11  % 25  % 14  % 15  % 13  % 16  % 14  % 

 
Table 11: Holiday factors to be introduced in the 1st simulations for the given days 

 We have also reduced the smoothing of the boundaries between consecutive days. This 
part of the code aims to produce a soft, smooth variation of dairy profiles affected by 
exogenous modifications set by either the code or new programmer’s instructions. 

 

4.3.2.2 Resuts 

 
The diminution in the error real-estimated demand must be notorious. In fact, the indicators 
confirm this statement: 
   

1st simulation Weekend reduction + Holidays Factor + Boundary-smoothing 

MAE (GW) 2,22 MAE (GW) 2,08 

MAPE ( %) 8,42 MAPE ( %) 7,91 

MSE 7,95 MSE 7,02 

NRMSE ( %) 10,47 NRMSE ( %) 9,83 

 
Table 12: error indicators comparison between the 1st simulations and the first changes introduced 
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After running the first simulation with the modifications proposed in the holidays, we have 
obtained the following results regarding the difference between real and estimated demand: 
 

Leap-year 
Date 

Real 
Date 

Current Holidays Factor New Holidays Factor New 𝒆𝒕/𝒅𝒓𝒆𝒂𝒍,𝒕 
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 

01/jan 01/jan -50  % 17  % -28  % 

06/jan 06/jan -39  % 14  % -20  % 

1/feb 1/feb -16  % 11  % -14  % 

08/feb 08/feb -15  % 11  % -12  % 

29/feb 1/mar -15 % 0 % -20 % 

14/mar 15/mar -12 % 9 % -18 % 

28/mar 29/mar -23 % -3 % -20 % 

01/apr 02/apr -30 % 6 % -21 % 

02/apr 03/apr -43 % 10 % -30 % 

03/apr 04/apr -20 % -2 % -25 % 

04/apr 05/apr -29 % 2 % -28 % 

05/apr 06/apr -27 % 5 % -21 % 

30/apr 01/may -34 % 6 % -24 % 

01/may 02/may -19 % 0 % -21 % 

14/aug 15/aug -34 % 7 % -16 % 

11/oct 12/oct -18 % -4 % -20 % 

24/oct 25/oct -20 % -4 % -23 % 

21/nov 22/nov -13 % 9 % -20 % 

07/dic 08/dic -22 % 6 % -17 % 

24/dic 25/dic -30 % 2 % -32 % 

25/dic 26/dic -18 % 0 % -25 % 

26/dic 27/dic -19 % 0 % -25 % 

29/dic 30/dic -16 % 0 % -14 % 

 
Table 13:New dairy demand reduction in percentage between real and estimated profiles for the current Holiday 

Factors 

In the case of August, introducing a reduction of 11 % for all days, we have obtained a mean 
deviation for this month of 7,86 %. Regarding June and July the results are shown below: despite 
the strong reductions introduced, some days (marked in dark red) have a difference higher than 
the 10 %. After analysing the different alternatives that we still have ahead these dates must be 
reviewed. 
 

Day 7/6 21/6 27/6 28/6 29/6 5/7 12/7 19/7 26/7 

New  𝒆𝒕/𝒅𝒓𝒆𝒂𝒍,𝒕  10 % 11 % 8 % 15 % 9 % 10 % 9 % 10 % 9 % 

 
Table 14: Dairy demand reduction in percentage between real and estimated profiles 

It is important also to take into account that all the reductions for weekends and holidays include 

industry and are only apply to some subsectors as mentioned before of commercial and 

residential final uses. Hence the reduction needed to obtain no deviation should be higher than 

the one calculated and introduced. 
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4.3.3 Change b). Saturday modification 
 
We have seen in the time series of the whole year that Saturday neither has the evolution as 
Sundays nor the normal profile of a weekday. It has been created a macro within the modules 
of VBA to obtain the mean profiles for Fridays, Saturdays and Sundays, so we can better evaluate 
a possible modification in the code. The average values obtained throughout the created 
function have been plotted below.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: Mean demand profiles for Friday, Saturday and Sunday in 2015 

 

4.3.3.1 Changes and Code modification 

 
Thus we will modify the code again to simulate Saturdays profile as an intermediate point 
between weekday profiles and weekend profiles (Sunday profiles in our case). We stress that 
this change will be performed in Residential, Commercial and Light-industry sectors (Rail already 
incorporates this distinction and Road demand is 0 for every hour of 2015). After various tests, 
the best results have been obtained when, each Saturday’s value for a given week, is worked 
out as 35% of Friday’s value and 65% of Sunday’s value. 
 

4.3.3.2 Results 

 
Apparently, error indicators show that no improvement is obtained (they remain exactly the 
same as the previous case), but the general profile is more adequate and follows better real 
demand. 
 

4.3.4 Change c). Residential Normalised Curves 
 
In order to provide a meticulous research and analysis for the normalised profiles, we will follow 
these steps for each demand type: 

1. Analyse the annual profile to observe behavioural patterns and possible anomalies 
(distributed consumption along the year for heating and cooling, for instance). 

2. Analyse the annual total demand to compare how close or far we are from the real 
profile and provide solutions to fit the real demand. 
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3. Analyse the 24h profile and compare it with profiles proposed in the literature that 
match the requirements demanded by the mean profiles, i.e. to obtain peaks and valleys 
at the desired hours. In this part also we will analyse the 3 representative profiles: Mean 
WD, Mean 365, Mean WE. 

 
Heating  

1. We observe in the annual profile that space heating is requested along the year but in 
summer (from third week of June until the second of September). This is because 
DESSTINEE calculates the heating space demand according to the HDD. It takes each 
country’s “Heating Base Temperature”, which defines a threshold such that below this 
value the heaters are switch on (the same is done in order to switch them off once the 
temperature exceeds the value).  For Spain this temperature is set at 15,5ºC, value 
usually used in these sort of studies. 

2. If we analyse the annual profile, we observe that in most of the cases the estimated 
demand remains under the real one. In fact, we should restrict the heating for later 
hours in order to simulate the real behaviour of householders.  
Another important point is that valleys are much lower in general than the predicted 
ones so the normalised profiles proposed must be more steep and sharpener. 

3. Observing the 3 main profiles is striking how constant is the heating demand along the 
day. Normally space heating remains off during the night in the residential sector (we 
can find differences in the commercial sectors regarding hotels for example). Thus some 
profiles proposed in the literature biased for this idea, demanding heat during light 
hours. The hourly calculation is done as follows: heating(i) = heating(h) * myHDD, where 
myHDD is the HDD for the specific day and heating(h) is the hourly value of the 
normalised profile.  

 
Cooling 

1. What has been already explained for heating can be employed to understand the 
cooling or the air condition demand (AC) in the houses. For the Cooling Degree Days, 

(CDD) the default Cooling Base Temperature is 14.5 C. 
2. The same happens again for the case of cooling and summer when we observe the 

annual profile demand, more smooth and unchanged during the day, contrary to the 
real demand behaviour. Therefore, a more realistic profile must be proposed. 

3. Once again, the 24h profile by default is far from other found in the literature. Similarly, 
each cooling hourly demand is calculated as heating(i) = heating(h) * myCDD.   

 
Water 

1. In contrast to the previous end uses, hot water demand is defined by a repetitive profile 
along the year. It is furthermore the only profile that is not subjected to profiles changes 
because of holidays, weekends and so on.  

2. In regards to the annual demand, hot water demand can be important in order to 
explain midday and evening peaks. if we look at the 3 mean profiles, water demand has 
only slight rises at the wrong time as have been explained. Also reducing the demand in 
the less demand hours will be considered. 

3. Contrary again to cooling and heating, the initial profile matches with the typical 
profiles. Perhaps both peaks take place sooner than expected (at 6am and 18pm) and 
should by delayed at least 2 hours as states the profile of the Technical Documents for 
Edification Installations (DTIE). 

 



41 
 

Power  
1. This subsector is the biggest and most significant for Spanish electric demand. This group 

concerns appliances (freezers, fridges, ovens, washing-machines, tumble driers, 
dishwashers, microwaves, wine bars, cooks, extractor hoods), small appliances (TV’s, 
videos, hoovers, ironings, computers) and lighting (including illumination and chargers 
for every kind of devices). The annual demand ranges from 3GW up to 13GW in the 
coldest months of the year. This happens because of the lighting and appliances usage 
mainly. Meanwhile, during summer the power demand barely exceeds 7,5GW.  

2. Appliances and lighting is the most important of the Residential sector since it 
represents 78 % of household electric demand. Hence its profile evolution is remarkable 
and of the utmost importance to model the TFC. Again, the “unmet demand” in nearly 
all the peak hours together with a surplus demand at low demanding hours concerns 
appliances modulation, as well as Saturday and Sunday reductions.   

3. There are various changes and modifications that should be carried out to fit the real 
demand both in shape and values 

a. Midday peak: in the 3 mean pictures of the demand (Mean WE, Mean 365 and 
Mean WD) the first peak of the day takes place earlier than the real one. Indeed, 
we recall that DESSTINEE estimates this peak to happen 2h30min and 1h 30min 
before for mean average and the weekends, respectively. 

b. Evening peak: a minute delay for this moment (30 minutes) is needed in the 3 
profiles to fit the real profile 

c. Morning valley: this first lower consumption at early hours of the day must be 
both widened (mainly at weekends) and also delayed 1hour. 

d. Evening valley: while the previous valley has to be bigger, this one must be 
narrower and also postponed 1h30min for the mean average and 1h for the WE 
profile.    

e. Lighting: it is added hour by hour as a percentage of the appliances profile. The 
default lighting profile sets a relative maximum during the morning (when 
people wake up in the morning) and a minimum in the evening. This last 
behaviour is not observed in empirical profiles for Spain so it must be changed. 

 
 

4.3.4.1 Changes and Code modification 

 
Heating 

 It is necessary to provide a normalised profile (mainly biased for winter demand) to 
simulate the consumption. The one provided [9] is the best proxy we can use, in spite of 
the year, to represent consumption patterns. We must remark that in Spain such liberty 
to switch on and off the space heating when desired exists. In cases where the cold 
season lasts longer and low temperatures continue, it may be decided to keep the 
heating on.  

 
Cooling 

 Following the reasoning explained for heating, we will limit the cooling availability for 
the hottest months of the year, i.e. from 01/05 until 30/09 (days 121 and 273 
respectively). This change agrees to the report [9], whose shape and evolution is 
opposed to the default cooling profile found in DESSTINEE, with lowest values taking 
place in the afternoon.  
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SHW 

 As before, both the current default profile and the one proposed in [9] and similar 
reports have similar tendencies. Hence, the default profile will not be substituted    

 
 
Appliances  

 Lighting profile  
o Lighting consumption according to [22] was 11.7 % in 2011 of the Residential 

demand. Considering on the other hand that appliances consumption supposed 
59.1 % of the electric fee, the consumption proportion lighting:appliances was 
then 1:5. Therefore, the lighting profile will be scaled down bearing in mind data 
from 1998 and its hourly demand. 

o In addition, the lighting adjustment provided by DESSTINEE’s code can even 
subtract appliances’ demand from the normalised profile. Since the profiles 
provided in the report are stacked, light consumption will only increase the total 
power demand of the profile 

o Finally, we have identified that differences between summer and winter 
regarding profile’s tendency lay on when Spanish people switch on/off the lights 
(summer profile is “delayed” in comparison to winter’s one). The parameter 
“Summer lighting” in the corresponding equations will be 50 % as we have 
already mentioned. (half reduction/consumption with respect to winter). 

 Weekend profiles: since the weekend reduction is already applied to weekend specific 
profiles, we will provide the same profiles for weekdays and weekends so the weekend 
reduction will set Saturday’s and Sunday’s power consumption. 

 Weekend reduction applied to the power profile (appliances and lighting) and not only 
to appliances’ profile. I have also deleted the factor of 0,75 that multiplies lighting 
parameter for weekends since the current weekend profile incorporates already the 
reduction with such modification. 

 It has been checked that profiles provided both in [25] and [9] are alike. Hence, given 
that appliances and lighting demand in the later report reach 400 W of consumption 
and the normalised DESSTINEE profile has its maximum in 200%, we redesign the profile 
by normalising the absolute values given in W in such a way that the new normalised 
profile ranges between the default profile’s upper and lower bounds.  

 

 
 

Figure 14: Mean profiles for residencial and comercial sectors in 2015, obtained from [25] 
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Figure 15: Average consumption by end-use for residential sector in 2015, obtained from [9] 

 
The heating profile has been studied, and its manipulation within the code (weekend reductions, 
modifying factors, etc.) is quite simple, just affected by the HDD function. It has been observed 
that its profile’s shape is rather constant although there are relative maximums and minimum. 
Both the slopes and the variation along the day is smooth, without rough changes. Therefore, 
we will vary the profile but keeping the tendency of the curve (relative extremes and hour 
distribution). Three different profiles have been studied: 
 

 Heating 1: it consists on dividing the whole profile by 5. At first we don’t expect any 
changes since normalised values are scaled at the final consumption. Indeed, all profiles 
affected by heating demand remain unchanged after the modification.  

 Heating 2: it consists on raising up the default curve by 1000 %. What we obtain is a 
flatter profile and thus a smoother variation along the cold days regarding heating 
demand, even though the tendency remains (extreme relatives and shape) and the 
values do not experiment great changes. Then, even keeping relative differences 
between hourly values, the  % difference between values is reduced, so the differences 
between the ratio heating(i)/heatingAnnualSim are further reduced, giving a smoother 
profile. 

 Heating 3: it consists on increasing the hourly deviation to the default profile’s mean 
average which is 109 %. Concretely, each new point has been calculated as the sum of 
the mean average plus its actual deviation from the mean, multiplied by 5. The same 
calculus has been applied to the cooling-residential profile (and also heating and cooling 
commercial sector).  

 
What we have obtained then is the opposite of what happens with previous case: more 
pronounced relative difference between values and thus more drastic heating profiles along the 
year, increasing heating peaks and reducing heating minimums. During cold days then we obtain 
higher evening peaks and lower valleys, becoming closer to the real behaviour.  
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Default Heating Default Cooling Heating 1 Heating 2 Heating 3 Cooling 3 

00:00 118 % 119 % 24 % 1,118 % 152 % 182 % 

01:00 111 % 118 % 22 % 1,111 % 120 % 178 % 

02:00 107 % 117 % 21 % 1,107 % 98 % 171 % 

03:00 103 % 115 % 21 % 1,103 % 76 % 163 % 

04:00 101 % 114 % 20 % 1,101 % 67 % 155 % 

05:00 105 % 111 % 21 % 1,105 % 89 % 144 % 

06:00 111 % 108 % 22 % 1,111 % 120 % 129 % 

07:00 112 % 104 % 22 % 1,112 % 124 % 107 % 

08:00 116 % 101 % 23 % 1,116 % 144 % 90 % 

09:00 115 % 98 % 23 % 1,115 % 137 % 79 % 

10:00 112 % 97 % 22 % 1,112 % 124 % 72 % 

11:00 111 % 96 % 22 % 1,111 % 121 % 68 % 

12:00 108 % 95 % 22 % 1,108 % 104 % 63 % 

13:00 103 % 94 % 21 % 1,103 % 80 % 56 % 

14:00 96 % 93 % 19 % 1,096 % 45 % 51 % 

15:00 95 % 93 % 19 % 1,095 % 37 % 54 % 

16:00 97 % 94 % 19 % 1,097 % 49 % 55 % 

17:00 106 % 95 % 21 % 1,106 % 92 % 60 % 

18:00 115 % 96 % 23 % 1,115 % 137 % 69 % 

19:00 121 % 99 % 24 % 1,121 % 169 % 80 % 

20:00 122 % 100 % 24 % 1,122 % 174 % 85 % 

21:00 114 % 102 % 23 % 1,114 % 135 % 95 % 

22:00 108 % 106 % 22 % 1,108 % 103 % 118 % 

23:00 112 % 113 % 22 % 1,112 % 123 % 103 % 

 
Table 15: Default heating and cooling profiles in comparsion to the heating and cooling profiles to be studied 

 

 Cooling 3: we have proceeded equally to the already explained simulation, by widening 
the profile sideward from the mean average (in this case 103 %). Due to the profile shape 
the estimated demand during the night overpasses the real demand in excess (7GW on 
average) while the evening peak is further reduce increasing the differences with the 
real demand even more. Of course the results obtained in terms of similitude to the real 
profile are meaningless but we have seen that more than one cooling profile to forecast 
residential heating in addition to commercial heating and cooling. 

 
The main conclusion we can obtain from this is that end-uses with an important weight 
(appliances mainly) in each sector will have a higher influence when varying the normalised 
profile, “scattering” the hourly values from the mean average of the normalised profile. 
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4.3.4.2 Results 
 

We present herein the dairy profiles that best suit the Spanish demand for space heating, 

cooling (AC), water heating (SHW) and appliances & lighting. 

 

 

Table 16: New normalised profiles for residential and commercial sectors split by demand type 

 

Heating Cooling SHW 

Appliances & Lighting 

Summer Winter 

WD WE WD WE 

00:00 101 % 107 % 89 % 111 % 87 % 160 % 109 % 

01:00 101 % 103 % 90 % 96 % 77 % 130 % 90 % 

02:00 112 % 100 % 79 % 86 % 71 % 130 % 90 % 

03:00 111 % 97 % 79 % 86 % 66 % 130 % 90 % 

04:00 110 % 95 % 79 % 86 % 66 % 130 % 90 % 

05:00 112 % 93 % 87 % 86 % 63 % 130 % 90 % 

06:00 115 % 90 % 108 % 87 % 64 % 140 % 91 % 

07:00 117 % 86 % 138 % 97 % 63 % 160 % 104 % 

08:00 118 % 81 % 84 % 108 % 70 % 180 % 117 % 

09:00 119 % 79 % 82 % 143 % 90 % 200 % 130 % 

10:00 120 % 81 % 94 % 165 % 107 % 220 % 143 % 

11:00 122 % 86 % 112 % 180 % 117 % 240 % 152 % 

12:00 122 % 94 % 109 % 190 % 119 % 245 % 154 % 

13:00 122 % 106 % 112 % 195 % 117 % 240 % 151 % 

14:00 125 % 118 % 93 % 190 % 109 % 232 % 146 % 

15:00 128 % 123 % 89 % 185 % 103 % 225 % 131 % 

16:00 129 % 121 % 90 % 181 % 98 % 218 % 127 % 

17:00 133 % 118 % 92 % 172 % 92 % 215 % 125 % 

18:00 141 % 112 % 114 % 168 % 94 % 213 % 128 % 

19:00 142 % 111 % 95 % 175 % 104 % 215 % 135 % 

20:00 145 % 111 % 105 % 190 % 114 % 215 % 140 % 

21:00 151 % 108 % 82 % 195 % 117 % 210 % 137 % 

22:00 128 % 106 % 83 % 185 % 115 % 200 % 130 % 

23:00 110 % 108 % 83 % 158 % 102 % 180 % 117 % 
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Figure 16: Normalised graphics of new space heating, water heating and cooling profiles for the residential sector 
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Figure 17: Normalised new graphics of appliances and lighting profiles for the residential sector 

 

4.3.5 Change c). Residential Normalised Curves 
 
In order to provide a meticulous research and analysis for the normalised profiles, we will follow 
the steps already explained at the beginning of the Residential Normalised Curves subsection. 
 
Heating  

1. As we have described before, heating profile for commercial sector follows the 
residential cooling curve. It is characterised by a high consumption and therefore dairy 
variation during the coldest day of the year, concentrated mainly at the beginning of 
February. Since the annual consumption is similar to the residential one (31PJ and 28PJ 
respectively) there are not differences between both heating profiles. 

2. Alike to residential heating, during midday the heating profile should be risen to meet 
the uncover demand of the estimated profile, as well as reducing the consumption 
during the night. 

 
Cooling 

1. The same happens again when we compare residential and commercial cooling: 
proportional and exactly equal profiles during the year. However, since the commercial 
demand is pretty much higher (100PJ vs 6PJ for residential sector), the difference 
between dairy minimum and maximum consumptions are greater. 

2. The ideas explained for residential cooling are also valid for commercial cooling. 
   
SHW 

1. The default normalised profile is the same as residential sector although we have the 
influence of the Holidays factor vector. Taking also into consideration that SHW demand 
for both sectors is practically 17PJ the annual commercial profile for hot water is very 
similar except for public holidays. Hence upper and lower bounds are amplified (0,2 and 
0,7GW while previously they were 0,4 and 0,6GW). 

2. The same ideas explained for residential SHW are valid for commercial water heating. 
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Power  
1. This subsector is also the biggest and most significant for the commercial sector but not 

as it happens in the residential sector whose demand is twice lower (115PJ). We observe 
that the annual time series has a similar distribution to the residential one with, 
however, lower upper and lower bounds (the demand ranges between 1,5 and 6GW). 
The regularity is also lower because the Holidays Factor again modifies the demand.  

2. Appliances and lighting is the most important section of the Commercial sector, 
accounting for 40 % of electric demand. The profile provided in [25] clearly suggests a 
lower demand during the night and higher during the day. This could be probably fitted 
by the appliances demand because the default profiles at night possesses a great 
demand. Then, a reduced demand during night balanced by higher peaks in the midday 
and evening must be taken into consideration as the main solution. 

3. There are various changes and modifications that should be carried out to fit the real 
demand both in shape and values 

a. Midday peak: in the 3 mean pictures of the demand (Mean WE, Mean 365 and 
Mean WD) the first peak of the day takes place earlier than the real one. Indeed, 
we recall that DESSTINEE estimates this peak to happen 2h 30min and 1h30min 
before for mean average and the weekends, respectively. Its value should be 
relatively higher in comparison to the other dairy values. 

b. Evening peak: a minute delay for this moment (30 minutes) is needed in the 3 
profiles to fit the real profile. Also this peak is higher as far as the literature 
expresses in [25], [29] and [9]. 

c. Morning valley: this first lower consumption at early hours of the day must be 
both widened (mainly at weekends) and also delayed 1hour. This idea is 
supported too by the previous just mentioned reports. 

d. Evening valley: while the previous valley must be bigger, this one must be 
narrower and also postponed 1h30min for the mean average and 1h for the WE 
profile. Appliances profile lacks of such valley in summer but not in summer. 

e. Lighting: The default lighting profile sets a relative maximum during the morning 
(when people wake up in the morning) and a minimum in the evening. In our 
case the first maximum should be delayed according to the opening of the 
businesses and shops.  

 

4.3.5.1 Changes and Code modification 

 
Heating 

 As mentioned before, we will allow only in houses from October until May, both months 
included. We justify this selection by analysing the mean temperatures of the 12 months 
of the year and identifying as an indicator which mean temperatures are below the 

heating base temperature of 15.5 C 
 

 Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec 

Min T  1.7 0.2 3.1 6.7 9.5 13.3 19.2 16.0 12.7 9.0 3.6 6.4 

Max T  16.0 15.5 22.8 21.7 29.3 33.5 34.9 32.7 27.3 24.6 22.1 17.8 

mean T  7.4 6.9 10.9 13.8 18.3 22.0 26.1 24.0 19.7 16.3 12.8 10.9 

 
Table 17: Temperature values distribution by month in Spain during 2015 
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 Cooling 
1. Following the reasoning explained for Heating, we will limit the cooling availability from 

the end of winter (from March to the end of November). The usage of cooling according 
to the previous table is more requested than heating, so we expect that not the 
consumption but the number of days of use will be greater in comparison to heating 
demand. 

2. The profile also should be changed. The profile presented in the report [9] is opposed 
to the default shape of the cooling profile with the lowest values taking place in the 
afternoon. Hence, a new profile for commercial space heating and cooling will be 
modelled since using the same profiles of residential sector is a loosely approximation. 

 
SHW 

 The demand for domestic hot water can be considered to be the same in both the 
commercial and residential sectors. Hours of highest demand use coincide with peak. 

 
Appliances  

 Although we do not have official data for light consumption in the commercial aggregate 
sector (in which we recall that others are included such as agriculture). Therefore, the 
best approach we can take will be to retain the modelling proposed in the code, as has 
been done so far. The hourly values of the profiles will be adjusted, simulating and 
evaluating the results by error indicators and the accumulated demand profiles. 

 

4.3.5.2 Results 

 

Finally, we attach the modified commercial profiles for appliances and the new profile 

calculated for space heating and cooling, so we have been able to better adapt the cumulated 

demand, reducing the gap between the real and our estimated TFC. 

 

 

 

 

 

 

 

 

 

 

Figure 18: New added profile for heating and cooling demand for the commerical sector  
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Figure 19: New normalised profiles por appliances and llighting in the commercial sector 

 
After the implementation of all the changes proposed we have obtained the following results 
measured in terms of deviations, given by the error indicators.  
   

1st simulation Final electricity demand modelling 

MAE (GW) 2.22 MAE (GW) 1.43 

MAPE ( %) 8.42 MAPE ( %) 5.49 

MSE 7.95 MSE 3.15 

NRMSE ( %) 10.47 NRMSE ( %) 6.59 

 

Table 18: Comparison by error indicators between the 1st simulation and the current simulation 
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To finalize electricity modulation chapter, we will show the resulting profiles for:  

 Mean WD, Mean 365 and Mean WE, as well as a table gathering the representative 
profiles points (peak and minimum values). 

 Cumulated residential and commercial sectors: rail profiles have remained unchanged, 
and industry is compound by the annual exogenous heavy industry profile and the light 
industry based on commercial profiles.  

 Finally, we will show the annual evolution of the real and estimated profile as we did 
when we obtained the results of the first simulation. 

o Heating: the differences between average heating profiles in households and 
average profiles in the commercial sector are striking. As we can see in the 
annual series of 8760 values (represented together with AC and appliances), the 
demand is concentrated during cold months (from November to March).  

o Similarly, and at the same time antagonistically, refrigeration and AC in the 
commercial sector (companies, businesses, agriculture and other sectors 
involved) play an important role in 2015 consumption, while heating demand is 
much less representative. 

 

 Morning valley Midday peak Evening valley Evening peak 

TFC Real – Mean 365     
Value (GW) 21.02 31.21 27.95 30.48 
Hour (hh:mm) 03:20 11:02 16:50 19:02 

TFC Estimated – Mean 365     
Value (GW) 20.48 31.18 28.16 30.24 
Hour (hh:mm) 03:40 10:48 16:21 18:30 

TFC Real – Mean WE     
Value (GW) 20.28 26.67 24.13 27.33 
Hour (hh:mm) 04:04 11:16 15:54 20:05 

TFC Estimated – Mean WE     
Value (GW) 18.92 27.02 25.20 27.16 
Hour (hh:mm) 03:00 11:14 15:33 19:08 

 

Table 19: peak and valley demand data of mena profiles for the 365 days of the year and weeknds, for boh real and 
estimated annual demand curves 
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Figure 20: TFC mean profile and final estimated mean profile broken down into end-use sectors   
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Figure 21: Residental estimated mean profiles for the residential sector broken down into demand types 

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

MEAN WD DEMAND - RESIDENTIAL 
Power Water Cooling Heating
Industrial Commercial Residential

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

MEAN 365 -DAYS DEMAND - RESIDENTIAL
Power Water Cooling Heating
Industrial Commercial Residential

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

MEAN WE DEMAND - RESIDENTIAL
Power Water Cooling Heating

Industrial Commercial Residential



 

54 
 

  

Figure 22: Residental estimated mean profiles for the commercial sector broken down into demand types 
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Figure 23: heating (red), cooling (yellow) and appliances (green) annual profiles for the residential sector 
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Figure 24: real and final estimated electricity TFC in 2015, split by seasons 
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5 Electricity Generation Mix Modelling 
 
5.1 Spanish Electric Market  
 
Before analysing the energy cost for electricity generation it is necessary to understand how the 
power produced in the power plants gets to the final consumers. We start describing the various 
actors involved in this process:  

 
 

Figure 25: layout of the actors involved in the Spanish grid 

 
PRODUCERS convert different types of primary energy into electrical energy. There may be 
Ordinary and Special Regime producers. According to Law 54/1997, Special Regime producers 
are those whose installations have less than 50 MW of installed power and some non-
consumable renewable energy, biomass, non-renewable waste or high-performance 
cogeneration is used as primary energy. All other producers (gas, coal, nuclear, etc.) are 
considered Ordinary Regime. 
 
REE, which stands for Red Eléctrica Española, has two main functions:  
1. it is the Spanish electricity-system operator: REE is in charge of coordinating the different 
agents involved in the physical flow of electricity to ensure supply (Within REE the people 
responsible for supervision and coordination are the Electrical Control Centre (Centro de Control 
Electrico, CECOEL) and an integrated unit for the special regime called the Control Centre for the 
Special Regime (Centro de Control de Energías Renovables, CECRE)  
2. it is indeed the transmission system operator, i.e. responsible for the TRANSMISSION from 
power plants to transformation stations: the transmission in the Spanish electric grid is carried 
out by High-Voltage Altern Current (HVAC) lines, in ranges of Special category since the rated 
voltage is higher or equal than 220kV (in accordance to RD 223/2008). 
 
DISTRIBUTORS are spread in different areas of the Spanish territory and are in charge of taking 
the electricity from the transformation substations (where the voltage of the electricity is 
lowered from 132kV, within the “first category” of HV ranges according to RD 223/2008) to the 
consumers. In most cases they receive this electricity from REE (the agent responsible for 
transport).  
 



 

60 
 

TRADING COMPANIES sell electricity to users at a previously agreed price between both parties 
(consumers and the company itself).  
 
Among CONSUMERS we can also distinguish between HV or Low-Voltage (LV) consumers if their 
feeding voltage is higher or lower than 1kV in AC or 1,5kV in Direct Current (DC) respectively 
(according to RD 842/2002). 
 
The Spanish electricity market, together with Portugal, forms part of the Iberian Electricity 
Market (Mercado Ibérico de Electricidad, MIBEL). This Iberian market is made up of two main 
markets, among others: 

 A spot market (where both the transaction and its settlement take place the same 
date), managed by the Iberian Energy Market Operator (Operador del Mercado Ibérico 
de Energía - Polo Español, OMIE) 

 A term market (where seller and buyer come to an agreement regarding the transaction 
price although it becomes effective, at least, two days later), managed by the 
Portuguese OMIE (Operador del Mercado Ibérico de Energía - Polo Portugués, OMIP) 

 
OMIE manages the spt electricity market in the Iberian Peninsula. This great market consists of 
two other important markets: 

1. THE DAILY MARKET is the main electricity contracting market in the Iberian Peninsula 
and operates 365 days a year. As in the rest of the EU, this is a marginalist market in 
which the price and volume of contracts in each hour are established from the point of 
equilibrium between supply and demand. Electricity prices are set at 12:00 (day D-1) for 
the following 24 hours of the following day D. Once the process is completed, OMIE 
publicly communicates the prices and the energy that will be produced and purchased 
in each of the hours of the following day in the Iberian market.  

2. Once the daily market is over, and after the process of technical restrictions, in the 
INTRADIARY MARKET the agents can buy and sell electricity again in different 
contracting sessions. There are six consecutive contracting sessions based on auctions 
such as those described for the daily market. Each session has its own marginal price, 
and the volume of energy and the price for each hour are determined by the intersection 
between supply and demand. Over the course of these 6 sessions, the transactions 
performed satisfy or cover periods from 9 to 27 hours [27]. 

 

Day D-1 D 

SESSIONS 1 2 3 4 5 6 

Offers reception Opening  17:00 21:00 01:00 04:00 08:00 12:00 

Offers reception closure 18:45 21:45 01:45 04:45 08:45 12:45 

Matching 19:50 22:50 02:50 05:50 09:50 13:50 

PHF* 20:45 23:45 03:45 06:45 10:45 14:45 

Programming Horizon 
(hours) 

27 (22-24) 24 (1-24) 20 (5-24) 17 (8-24) 13 (12 24) 9 (16-24) 

PHF* = Final Hourly Plan (Plan horario final)  

 
Table 20: Intradiary biding sessions in the electricity market 

 
The electricity market is marginal, so it guarantees that both all accepted-sales offers and 
accepted-purchase offers have a price equal to the matching price, and the total accepted 
quantity of purchase is equal to the total accepted quantity of sale. The prices offered inform 
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the market about the opportunity cost of generating electricity, including the costs that would 
be avoided if opting for not producing:  
 
Marginal markets induce producers to offer their energy at their marginal cost of production, 
which can be approximated by the variable cost of the producer technology [37] (in terms of 
calliope model, it is the variable cost resulting from adding production and fuel-consumption 
costs). In this way, the existence of renewable generation, which usually offers its energy at 
prices lower than those of other generation plants, results in the setting of a lower marginal 
price. Thus, if we were to eliminate renewable generation from market matching, other higher-
cost generation plants would be included in the matching and, therefore, the market price would 
be higher for all generation units.  
 
From an economic point of view, technologies are featured by either their cost structures and 
their ability to adapt to fast swings in the demand. There are technologies with high fixed costs 
(investment amortisation, fixed operation and maintenance cost, etc.) but with very low variable 
costs. On the contrary, there are technologies with very low fixed costs but very high variable 
costs. Bering in mind this, we can observe that the demand is met by 3 kinds of technologies:  

 Base technologies, with relatively high fixed costs and relatively low variable costs. 
These technologies are best suited to produce a very high number of hours per year for 
reasons of security of supply and price (nuclear, some coal-fired and combined cycles 
power plants, and run-of-river hydro power plants which ensure the flows of rivers, but 
in small quantities of production). 

 Peak technologies, with low fixed and high variable costs. These technologies are best 
suited to work during brief time periods, when the highest daily demands take place 
(fuel oil plants, gas turbines, combined cycles and water-pumped turbines and) 

 Intermediate technologies (coal-fired power plants and combined cycles, dam hydro 
power plants), with fixed and variable costs intermediate to those of base and peak 
power plants. [73]. 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26:illustrative electricity demand coverage by technologies. Adapted from  [73] 

 
Following the previous idea, the supply curve (power offered VS selling cost) presents three 
clearly marked parts defined by selling prices, arranged according to decreasing selling price. 
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 technologies selling at almost null price: nuclear energy and renewables. While the 
former needs to ensure its participation in the auction (due to its change-in-power-
delivery inflexibility and the necessity of amortizing capital costs), the later has costless 
primary energy supply (sun, wind). The exception is found in biomass and biogas since 
their row materials are not for free, although they find their remuneration in the 
electricity bill. 

 Then we mainly find thermal power plants and combined cycles, which can start and 
stop throughout the day but their fuel (coal or gas) is not free, and are only willing to 
generate from a minimum price. 

 Finally, large hydraulic installations use the electricity for other complementary services 
of the electrical system that are very well remunerated. Storage hydropower plants 
usually appear at the top of the pricing curve as their opportunity cost is high, depending 
either on the expected price at another time in the market or on the technology 
replaced.  

 

5.1.1 Electricity Bill: from electricity cost to PVPC 
 
We are ready to understand, at this point, how is worked out the Mean Final Price of electricity 
(Precio Final Medio, PFM) or the energy price. It is made up various components: 

 The price of producing electricity: it is determined on the basis of the hourly price of the 
daily and intraday markets during the billing period.  

 The cost or financing of technical management processes carried out by the System 
Operator, i.e. system adjustment and interruptibility services. 

 Access tolls: set by the Ministry of Industry to cover the cost of bringing guaranteed 
energy from the power plants to the consumers and other associated costs.  

 
The Second Additional Provision of RD 1454/2005 establishes that the National Energy 
Commission (Comisión Nacional de Energía, CNE) is responsible for calculating and publishing 
the final average prices and average energy price indices on a monthly basis. In order to provide 
market agents with the criterion for calculating the average final price of energy on the market, 
the Mean Final Price (PFM) in control bars for a given aggregation k of demand units in hour h 
(𝑃𝐹𝑀𝑘ℎ) is formulated below. [15] 
 

𝑃𝐹𝑀𝑘ℎ = 𝑃𝑀𝐷 + 𝑃𝑀𝐼 + 𝑃𝑅𝑅𝑇𝑇 + 𝑃𝑆𝐴 + 𝑃𝐺𝑃 + 𝑃𝐼𝑛𝑡 = 𝑃𝑀𝐷ℎ +
𝐼𝑀𝑀𝐼𝑘ℎ − 𝐸𝑁𝑀𝐼𝑘ℎ ∗ 𝑃𝑀𝐷ℎ

𝐸𝑁𝑀𝐵𝐶𝐾

+ 

                    
𝐼𝑀𝑅𝑅𝑇𝑇𝑘ℎ − 𝐸𝑁𝑅𝑅𝑇𝑇𝐼𝑘ℎ ∗ 𝑃𝑀𝐷ℎ

𝐸𝑁𝑀𝐵𝐶𝐾

+
𝐼𝑀𝑆𝐴𝐽𝑘ℎ − 𝐸𝑁𝑆𝐴𝐽𝑘ℎ ∗ 𝑃𝑀𝐷ℎ

𝐸𝑁𝑀𝐵𝐶𝐾

+
𝐼𝑀𝐼𝑛𝑡𝑘

𝐸𝑁𝑀𝐵𝐶𝐾

+
𝐼𝑀𝐺𝑃𝑘

𝐸𝑁𝑀𝐵𝐶𝐾

 

 
𝑃𝑀𝐷ℎ the daily market price (Precio del Mercado Diario) 

𝐸𝑁𝑀𝐼𝑘ℎ the energy trading in intraday markets (Energía Mercados Intradiarios). 

𝐼𝑀𝑀𝐼𝑘ℎ the energy’s price traded on intraday markets (IMporte de energía Mercados 

Intradiarios). 

𝐸𝑁𝑅𝑅𝑇𝑇𝑘ℎ the sum of the energies that are programmed in its participation in the process 

of resolution of technical restrictions (Energía en Restricciones Técnicas). 
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𝐼𝑀𝑅𝑅𝑇𝑇𝑘ℎ the amount charged to finance the process of resolving technical restrictions, 

as well as the amount received for its participation in this process (IMporte de 

energía en Restricciones Técnicas). 

𝐸𝑁𝑆𝐴𝐽𝑘ℎ the energy corresponding to the deviations produced by the considered 

demand aggregation, as well as to the adjustment services provided (Energía 

en Servicios de Ajuste). 

𝐼𝑀𝑆𝐴𝐽𝑘ℎ the amount corresponding to the deviations produced and the adjustment 

services provided, as well as the amounts charged to it for the financing of 

other system adjustment services (IMporte energía en Servicios de Ajuste), with 

the exception of the technical restrictions. 

𝐼𝑀𝐼𝑛𝑡𝑘ℎ the amount charged to finance the interruptibility service (Importe de Inte-

rrumpibilidad). 

𝐼𝑀𝐺𝑃𝑘ℎ the amount charged to finance the power guarantee service (Importe Garantía 

Potencia). 

𝐸𝑁𝑀𝐵𝐶𝑘ℎ the energy consumed, measured in control bars, which is the result of 

summing: 

 
𝐸𝑁𝑀𝐵𝐶𝑘ℎ = 𝐸𝑁𝑀𝐷𝑘ℎ + 𝐸𝑁𝐵𝐼𝐿𝑘ℎ + 𝐸𝑁𝑀𝐼𝑘ℎ + 𝐸𝑁𝑆𝐴𝐽𝑘ℎ 

 

𝐸𝑁𝑀𝐷𝑘ℎ the energy traded in the daily market.  

𝐸𝑁𝐵𝑖𝑙𝑘ℎ the energy that negotiates through bilateral contracting, i.e. contractual 

electricity-trading contract between some of the electric market players 

(trading companies, distributors and so on). 

 
 
In the following table the values for each PFM component in 2015 are provided [€/MWh]. The 
price we will pursue in calliope will be Dairy Market Price (PMD) since we want the cost of energy 
generation, assuming that the matching price obtained in the dairy market is the LCOE calculated 
in calliope.  
 

Final Energy [MWh] PMD  PMI  PRRTT PSA  PGP PInt PFM 

Peninsular 
Demand b.b. 247.272.879 51.67 0.00 2.98 1.29 5.02 1.89 62.85 

Spanish 
Demand b.b. 265.292.451 51.28 -0.02 2.71 1.14 4.68 1.76 61.55 

 
Table 21: PFM split into components in the peninsular and national territories 

Once studied how is calculated the PFM or the energy cost, we will explain which are the surplus 
tariffs and payments that must be added to obtain the “Voluntary Price for Small Consumer” 
(PVPC). It is the system for setting the price of electrical energy, implemented by the 
Administration (the regulation came into force in 2014), which is applied in the bill of those 
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consumers with a contracted power not exceeding 10 kW. The consumer will pay for his 
consumption, during a billing period, the resulting price in the electricity market.  
 
The electric bill has two main components which can be further broken-down: 

1. Billing for contracted power. It comprises two concepts:  
a. invoicing of access toll. It is the result of multiplying the contracted power in kW 

by the access-to-power toll and the number of days of the invoicing period 
[kW_contracted x Days x €/kW/day]. 

b. invoicing of fixed marketing margin [kW_contracted x Days x €/Kw/day] 
2. Billing for energy consumed: It comprises two concepts:  

a. billing for access-to-energy toll. It is the result of multiplying the kWh consumed 
in the period by the access-to-energy toll, [kWh_consumed x €/KWh]. 

b. billing for energy cost. It is the result of multiplying the kWh consumed by the 
hourly energy cost of the PVPC) [kWh_consumed x PVPC]. 

3. Electricity tax: Excise tax at the rate of 5.11269632 % on the invoicing of the electricity 
supplied, i.e. applied to the sum of the two previous billings, obtaining the subtotal.  

4. Rental of measurement and control equipment. Established price (it is set by the 
Ministry of Energy, Tourism and Digital Agenda) paid for the rental of measurement and 
control equipment. It goes from 0.54 to 1.36€/month. This fee summed with the 
subtotal gives the total amount. 

5. VAT: 21% applied to the total amount to finally obtain the total invoice amount. 
 
The most remarkable part for our case of study is the billing for energy consumed.  

a. billing for energy cost, which is equal to the sum of the 𝑃𝐹𝑀ℎ and 𝐿𝑜𝑠𝑠𝑒𝑠ℎ . The last 
term accounts for transmission and distribution losses, from the control bars to the final 
consumer, measured in % 𝑃𝐹𝑀ℎ. Typically, the 𝐿𝑜𝑠𝑠𝑒𝑠ℎ term is 17%𝑃𝐹𝑀ℎ. 

b. billing for energy cost. If there is a reduction in the electricity consumption, this term 
will be also reduced by 0.044027 €/kWh_consumed. 

 
 

5.1.2 Electricity producers and other technologies  
 
In this part there is a brief description concerning about the most relevant characteristics of the 
various “producers” or power generation technologies available in Spain. After the description, 
we also explain other sorts of technologies we need to consider in the electricity balance 
between production and consumption or demand at control bars. 
 
Biogas: in Spain there are 258.2 MW installed, divided into 69 physical units whose installed 
power vary from 0.1 MW to 33.3 MW. Biogas is produced by organic molecule destruction from 
bacteria through anaerobic digestion which is a biochemical process, in oxygen-free conditions. 
Digestion product is a biogas that, for agricultural applications, has a 50-60% of methane (CH4) 
and the remaining consists mainly of carbon dioxide (CO2). other gases are also generated (N2, 
O2, H2, CO, H2S and NH3) and their presence and concentration depend on whether it is 
produced in landfill or dedicated reactors. The resulting Low Heating Value (LHV) is about 40% 
lower than conventional natural gas, around 20 MJ/Nm3.  
 
Biomass: it is the biodegradable fraction of products, waste and residues of biological origin 
from agricultural activities (including substances of plant and animal origin), forestry and related 
industries, including fisheries and aquaculture, as well as the biodegradable fraction of industrial 
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and municipal waste. It is used as fuel in different thermal processes (gasification, pyrolysis and 
combustion/incineration) to produce steam in a Rankine cycle for the subsequent electricity 
generation. The generation units in Spain have energy capacities from 1 MWh up to 50 MWh, 
with a total power installed of 533,5 MW.  
 
Hydro: There are 952 generation groups of this technology in Spain and energy capacities ranged 
from 0.1 MWh to 239.3. This technology does not need fuels since its raw material to produce 
energy is water, seizing the kinetic energy by means of water flows or water jumps. In both 
cases, the water passes through a turbine to extract mechanical energy and, by means of an 
alternator, transform it into electrical energy. There are various alternatives to classify hydro 
power plants, but because of the database of e-sios platform we can provide the following 
classification: 

 Run-of-river plants: these power plants have filling rates lower than 2 hours, so we 
cannot regulate the power and produce energy when water flows through the river. Due 
to river flows the installed power for these plants is lower than 5 MW. In the online 
platform the hourly data are named as hydro plants non UGH, where UGH stands for 
hydropower management unit (Unidad de Gestión Hidraulica). Every UGH is made of 
hydro power plants that belong both to the same property holder and the river basin: 
DUER, TAJO, SIL, HCHI, VIES, TES, GDLG, EBRFEN, SBEU, TERE, EBRACC1, EBRACC2, IP, 
UFMI, UFGC, UFTA. 

 Storage/Dam plants: they are able to adjust water flows by water storing. We can 
different between Pond plants (2-400 hours of storage capacity in a dam, dictated by 
the river flow rate) and Reservoir plants (with filling rates or storage capacities greater  
than 400 hours). Therefore, their electricity generation can be regulated, bearing in 
mind the water stored (expected market price) and upcoming rainfalls (water supply for 
the reservoir). These plants have more than 5 MW of power installed and are named in 
the database as “Hydro UGH”. 

 Pumped-storage hydroelectricity (PSH) plants: within the second group we can find 
power plants that, in addition to produce energy (turbination mode), have the ability to 
raise the water to from a lower dam or reservoir to the upper one consuming electricity 
(pumping mode). Currently, it is the only possibility that Spanish electric grid has to store 
electricity. 

 
Coal: after nuclear energy it is the main fossil fuel consumed for electricity purposes. There are 
14 active power plants distributed around the Peninsular territory and one located in the 
Balearic Islands, making a total of nearly 11,000 MW of power installed. In regards to the 
capacities, we find power plants from 300 MW to 1,120 MW. In these plants electricity is 
produced from the combustion of these fuels, by means of a thermodynamic water-steam cycle. 
The main fuels are anthracite and sub-butiminous coal. 
 
Mining by-products: there is only one 50 MW power plant in Asturias. It employs low-quality 
coal, residues and timber scraps. This subgroup is included in coal. 
 
Nuclear: There are 6 nuclear power plants in Spain with a total of 8 reactors. Each of the plants 
has one reactor (Trillo in Guadalajara) or two (Almaraz in Cáceres). These groups have 
generation capacities ranging from 455 MW to 1,063 MW. The ownership of these plants is 
shared, that is to say, they have several owners (Endesa, Iberdrola, Gas Natural Fenosa, Nuclenor 
and EDP). In nuclear power plants, fissile elements are used as fuels which can sustain a fission 
chain reaction over time. The fission of one atom of uranium-235 releases 202,5 MeV = 32,4 pJ 
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= 83,14 TJ/kg. In Spain there are 6 pressurised water reactors (PWR) and 2 boiling water reactors 
(BWR). The energy released in the exothermic reaction is implemented to boil water directly 
(BWR technology) or indirectly throughout a heat exchanger that boils water at ambient 
conditions (PWR). Finally, in the Rankine cycle electricity is produced in the alternator by the 
steam expansion in the turbine.  
 
Geothermal energy: we find 5 power plants in Spain (2 of them inactive) with a total power 
installed of 4.7 MW. Geothermal energy is heat stored under the crust caused by the original 
formation of the Earth (accounting for about 15 to 25%) and for radioactive decay (accounting 
for 75% to 85%). The energy can be stored both in fluids and in rocks. Two types of power 
sections can be distinguished: direct steam cycle (the fluid is in vapour-dominated phase, 
therefore it can be easily expanded in a steam turbine generating power) and binary cycle 
(applied when the fluid is water dominated and at limited temperature. The power cycle is 
decoupled from the geothermal fluid, so the geothermal fluid is not expanded in the turbine but 
steam in a closed loop). 
 
Solar photovoltaic (PV) energy: PV cells are devices which directly convert the sunlight (solar 
energy) into electricity by the photons absorption, i.e., the photovoltaic effect. The Photovoltaic 
effect is similar to the photoelectric effect but the photon absorption creates voltage or direct 
current in a material. The arrangement of various PV cells in series and parallel creates a PV 
module, and various of these modules create the solar farms or PV power plants. Thus, inverters 
and transformers are necessary to adapt voltage and current intensity to the grid’s demanding 
conditions.  
There are 4,426 MW in Spain divided into 302 physical units or solar farms. However, it is an 
inflexible technology with intermittent generation. Energy is produced during sun hours and 
irregularly regarding solar radiation and weather conditions. 
 
Solar thermal energy: systems without concentration and concentrated solar power (CSP) are 
the only options to produce electricity by seizing solar thermal energy. There are 59 solar farms 
in Spain, resulting in an electric capacity of 2,301 MW. The main advantage of CSP compared to 
PV is the possibility to store the heat at a reasonable price, hence decoupling the solar source 
and the electricity produced. Therefore, the electricity produced from CSP can be programmed 
making it dispatchable, which is a fundamental feature in a country with high renewable energy 
penetration. 
 
Wind energy: it is produced thanks to solar energy and, in particular, by the non–uniform 
temperature distribution on earth (the same works for marine currents). The wind energy can 
be exploited by using two different concepts: drag type device and lift type device. The later, 
together with a horizontal axis configuration, is the most efficient and used solution for wind 
turbines, with maximum powers of 8-10 MW. Then, a wind farm or wind park is a group of wind 
turbines in the same location aimed to produce electricity. Wind farms can be ranged as offshore 
(operating on continental surface) or onshore (operating in the open sea, thus more expensive 
and powerful than the previous ones). Together they summed up a total of 22,835.3 MW divided 
into almost 900 wind farms. Similar to solar energy, this technology cannot be used as a sole 
energy source due to wind uncertainty, so it must be complemented by another technology with 
greater capacity factor and generation stability. 
 
Combined Cycle (CC): There are 27 combined cycle plants in Spain. The power installed in those 
plants ranged from 275 MW to 859 MW. These power plants use Natural Gas as main fuel, 
although it can also use other gases as support fuels. In spite of this, it is preferred natural gas 
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since it does not contain sulphur and with equal energy generated, it expels less  CO2. In 
combined cycle power plants, electricity is produced from the combustion of gases and a water-
steam cycle, similar to conventional thermal power stations. With this technology a 25% 
efficiency increase is obtained compared to conventional thermal power stations.  The operation 
of this type of plants has two phases, on the one hand by means of combustion, and on the 
other hand by means of the use of a combustion system. There are gases released in the 
combustion chamber as products, compressed afterwards and expanded in a turbine connected 
to an alternator. On the other hand, the heat from the gas combustion is used, as in a 
conventional thermal power plant, to transform the water into steam, passing through another 
turbine, connected to an alternator. It is said, therefore, that they have 2 cycles: the Brayton 
cycle (gas turbine phase) and the Rankine cycle (water steam turbine phase).  
 
Natural-gas Cogeneration: so called because 95% of the fuel is natural gas, and the rest is either 
biomass or biogas (percentages measured in heating values). This type of generators is in the 
special regime because it fits their characteristics as it does not use renewable energy. Its 
operation is similar to that of thermal, with the difference that it does not allow the heat to 
dissipate. It has the same advantages and disadvantages as a thermal. 
 
Hydrowind (el Hierro, Canary Islands): it consists of hydro power (11.3 MW) coupled with wind 
energy (11.5 MW). If there is wind then energy is supplied, using surplus energy (if available) to 
pump storage water from the lower basin. If there is no wind the water in the upper basin is 
turbined.   
 
Residual energy: in Spain we can find 6 physic units summing up 57.4 MW of total power 
installed. In those plants energy is produced by recovering heat from other processes 
(cogeneration subtype).  
 
Household and similar residues: in Spain there is a total power installed of 237.4 MW scattered 
into 9 different power plants. The so-called municipal solid wastes (MSW) are made of organic 
material, plastic, paper/cardboard and glass, leveraged as fuel in incineration plants. This 
subgroup goes included into Wastes or Residues.   
 
Other Residues: in Spain there is a total power installed of 306.7 MW scattered into 14 different 
power plants. The fuels found here are made of demolition scraps, mud obtained after water 
treatment, tyres, machining scraps (chips), etc. These wastes are burned in ovens or boilers. 
 
Fuel/gas: within this category (similar to coal) are embraced technologies existing in the 
archipelagos and the autonomous cities of Ceuta and Melilla. We can distinguish between three 
producers: 

 Diesel generators: these are diesel engines, an alternative that is worldwide found in 
remote areas where some backup generation is necessary. Diesel generator are placed 
in both archipelagos and also in Ceuta and Melilla  

 Gas turbines: they are installed in the four systems although in Ceuta and Melilla the 
power produced was nearly null (less than 1 GWh or less than 0.5% of the total demand 
in each city). The main fuel burned in the combustion chamber of the turbine is gasoil. 
Afterwards, the gas is expanded in the turbine to make spin an alternator which 
produces AC and feeds the electric grid.  
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 Steam turbines: these turbines are only present in the Canary Islands, and produced 
more than 2000 GWh in 2015 (accounting for more than 25% of annual demand). The 
fuel burned in the power plants heats water into steam, performing a Rankine cycle. 

 
Auxiliary Generation: contrary to the steam turbine, these gas turbines are only available in the 
Balearic archipelago. They are baptised with such name because they are emergency groups 
installed temporarily in certain areas (Mallorca and Menorca) to cover a generation deficit. 
However, in 2015 they produced more than 10 GWh.  
 
Once described the producers or technologies available in Spain for electricity generation, there 
are other suppliers and electric sinks which, as we have mentioned, are necessary to take into 
consideration to assess and elaborate the electricity balance. 
 
Imports & Exports: Spain is electrically connected to Portugal, Morocco, Andorra and France. In 
addition, through the existing interconnections between our electricity system and that of 
France, we exchange electricity with several European countries (including, of course, France). 
The exchange of electricity between countries takes place at high voltage in alternating current 
(HVAC). High voltage lines (HV) can be overhead lines or an insulated cable 
(underground/subsea) and in direct or a current (AC or DC, respectively). Until now, the criterion 
used mostly by REE, have been the airlines in AC. DC lines are more efficient economically when 
they exceed 500 or 600 km in length. These types of lines are found in larger countries in 
extension such as, for example, China, Brazil, India, USA, etc. The lines in insulated cable have a 
technical limitation in length if they are in alternating current. From a certain length (which 
depends on the level of tension), the lines must be in DC. However, in addition to these thermal 
constraints, the capacity of AC drive systems also depends on the voltage, stability, and 
operating limitations of the system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 27: International electricity interconexions in Spain 
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The international electricity exchanges provide the Spanish grid with advantages: 

 Greater integration of renewable energies. It maximizes the volume of renewable 
production that a system is able to integrate safely. Renewable surplus production has 
no place in the national system, so it can be sent to other neighbouring systems, rather 
than being wasted.  

 Increased competition between neighbouring systems.  

 They provide security, stability and ensure the frequency of the interconnected systems.  

Nowadays, there is new panorama which aims to achieve full implementation of the Internal 
Energy Market. This strategy requires connection between member countries through Europe's 
energy networks. In 2002, the European Union recommended that all Member States should 
reach a minimum interconnection ratio of 10% by 2020, which is the sum of import capacity 
versus installed generation capacity, in order to eliminate isolated systems, facilitate mutual 
support and promote the Single Electricity Market. Subsequently, a new threshold was set in 
15% by 2030. In 2015 this interconnection ratio was: [2,950(France) + 600(Marrocco) + 
4,000(Portugal)]/106,247=7,1% [74]. 
 
Spanish Peninsula-Balearic Islands electricity interconnection: it consists on a submarine 
connection of ±250 kV, made of 3 cables (2 outgoing cables and one return cable), 237 km long. 
The connection is performed by HVDC given the distances and the necessary powers of this link. 
Hence, the construction of two converter stations was mandatory.  

 “Morvedre” of 400 kV, in Sagunto (Valencia) 

 “Santa Ponsa” of 220 kV, in Calviá (Mallorca).  
Both stations are necessary to transform the AC that circulates through the transport network 
into DC, so energy losses are reduced due to the great length of the cable. The link has allowed 
about 16% of electricity demand in the Balearic Islands since 2012 to be covered with 
renewables. From the environmental point of view, the balance of this first year has meant a 
reduction in emissions from electricity generation of 285 MtCO2. 
 
 

5.2  Modelling Spanish Electricity Generation: CALLIOPE 
 
Once we are able to recreate the load curves accurately hour-by-hour, we need to find an 
optimum solution for the Spanish energy system. Due to the dimensions and the wide range of 
energy sources, technologies, transformation processes and so on we have opted for using what 
is called a multi-scale energy systems (MUSES) modelling framework. 
 
The most relevant features and goals of calliope are the following ones: 

 Energy systems design and analysis with a high share of renewables 

 Comprehensive integration allows for energy mix modelling with different technologies 
production, storage, transformation and final consumptions. 

 Stochastic modelling in time and space: the model enables the programmer to set both 
the location of the energy sources and read time series provided by external files, i.e. in 
CVS format, that can be imported or invoked by the main file. 

 User-friendly definition and programming provided so high performance computing 
(HPC) clusters can be carried out. 

 Take advantage of the Python environment for a simpler programming. 

 Provide free access with open license for all users who want to use the model 
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Bearing in mind all the features just explained we justify the usage of CALLIOPE instead of 
DESSTINEE: the former is more detailed for energy optimization and allows for customization in 
terms of technology definition, it is a more powerful software. Calliope is selected due to its high 
degree of internal validation, reliability, completeness of documentation and transparency [57]. 
 

5.2.1 Model Structure 
 
Recalling the direction of fluxes of the Sankey diagram, a CALLIOPE model operation can be 
explained from the upstream energy current (primary energy) to the downstream one (end use). 
To provide both an easy and rigorous description of its operation we implement the 
nomenclature that has been used in the model code:  

 Technologies or the supply technologies, defined by a concrete location, which are able 
to convert a provided outbound energy resource into an energy carrier that now belongs 
to the system. When we refer to a resource it is important to clarify that it can be either 
a source or a sink of energy 

 Transmissions technologies, in charge of the allocation and the movement of the energy 
for a given carrier from one point to another. Therefore, these carriers (typically heat 
and electricity) are the common point, as products of the transformation, of the various 
energy technologies that set the multi-energy system  

 Conversion technologies, on the contrary to the previous technologies, are able to turn 
a carrier into another in a given position or location where the energetic transformations 
take place. 

 Storage technologies, where the energy surplus is stored, are a must when we talk about 
energy models devoted for renewables implementation. In addition, every storage point 
counts with a determine location in the model. Since Spanish electric grid doesn’t count 
with storage systems we do not include them in our model. 

 Demand technologies, at the end of the whole chain, are the ones that extract the 
energy that was provided upstream for end-uses, i.e. the final consumption. 

 
 

5.2.1.1 Model configuration - model.yaml 

 

CALLIOPE internally represents the configuration as AttrDicts, which are a subclass of the built-
in Python dictionary data type (dict) with added functionality such as YAML reading/writing and 
attribute access to keys [51]. The model directory presents the following layout for every 
configuration, in which + means directories and - means files, using tabulations to follow the 
hierarchy: 

 - model.yaml 
+ model_conf 

     - locations.yaml 
     - techs.yaml 

+ data 
- generation_technologies.csv  
- demand.csv  

 
The configuration is usually specified as an option: value entries, where value might be a 
number, a text string, or a list (e.g. a list of additional settings). CALLIOPE allows an abbreviated 
form for long, nested settings: 

https://calliope.readthedocs.io/en/stable/user/building.html


71 
 

 
Field_one: 

Field_two: 
Fiel_three: x 

 
can be written as: 

Field_one.Field_two.Field_three: x 
 
 
There is always a YAML file which should be model.yaml. We specify in such file, as its name 
suggests, all the configuration settings to run our model. It is structured into several top-level 
headings (“keys” or attributes in the YAML file, which content different information): 

 model: all the model configuration and model settings associated to each field or key, 
such as the name of the model (model.name), the CALLIOPE version 
(model.calliope_version: 0.6.3, which is the latest release), reserve_margin 
(model.reserve_margin: 0.0001, this parameter sets as percentage the amount of the 
total capacity that must be always potentially available "in addition" to the capacity 
required to meet the demand) and so on. 

 run: all the run configuration and run settings. One mandatory setting is needed which 
is the solver chosen to use (run.solver: gurobi, which is usually faster when the direct 
Python interface is used). Other important parameters in this set are: 

o ensure_feasibility: In order to make the model convergent, the demand must 
be always met. We do this by setting ensure_feasibility: true. This creates a new 
decision variable (unmet_demand) which detects when supply and demand are 
unbalanced, to account for an ability to meet demand with the available supply 

o bigM: through this parameter we fix a relatively-high cost for the 
unmet_demand. The higher, the slower the model will converge to a solution 
and the more probable to obtain an optimal solution. 

o Mode: it can be either plan or operate.  
 If we choose plan, the software endogenise the capacities and are thus 

obtained as a result. Hence, when calculating production costs and its 
levelised cost of electricity (LCOE) it considers both fix and variable costs 
(those will be further explained).  

 On the contrary, if we opt for operate mode, CALLIOPE fixes the 
capacities and the energy system operates with a “receding horizon 
control algorithm”. It is necessary to set and horizon 
(run.operation.horizon: 48) within the model optimises the generation 
(in our case, for the next 48h), and the window parameter 
(run.operation.window: 24) specifies how many of the hours within the 
horizon are actually used.  

o zero_threshold: any value coming from the backend smaller than the value 
specified (run.zero_threshold: 1e-10) will be set to 0. 

 Import: CALLIOPE can import data files for modelling implementation. These files are 
YAML, CSV type. All configuration files (with the exception of time series data files) are 
in YAML format. YAML files invoked by the main file to run the model are locations.yaml 
and techs.yaml (those files will be further explained). Within the own YAML files, 
imports can take place from a specific folder/directory containing all the time series 
which might be needed (in the example “data”).  
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5.2.1.2 Technologies (Techs) - techs.yaml  

 

We specify all the features and define the technology according to given parameters, set by the 
own model. We have a wide list of settings: 

 Essentials, where we specify name, color, parent, carrier.  
o Parent: the technology must define a parent which specifies and determines its 

attributes and how is going to be defined in the techs.yaml, (which parameters, 
constraints, costs and so on). The parent for each technology at the same time 
can either belong to: 

 Predefined abstract base technology groups: the model provides these 
options among to choose from: 

 Supply: it provides energy to a carrier, resource >0 

 Supply_plus: it provides energy to a carrier, resource >0 and we 
can add more features in comparison to a “supply” technology 
like the parasitic_eff 

 Transmission: It moves energy coming from the same carrier 
between different locations. 

 Conversion: it turns a carrier into another in a given location 

 Storage: stores energy at a certain location. 

 Demand: it claims for energy coming from a carrier, resource <0 
 Tech_groups: it is configured by the programmer when very similar 

technologies (e.g. costs) are present but own different properties (e.g. 
capacities).   

o Carrier: depending on the technological parent (typically conversion plus), we 
will define its energy carrier (either carrier_in or carrier_out). For example, a 
CSP (supply) would have electricity as a carrier_out and a battery (storage) or 
demand (demand) would have power as a carrier_in. 

 Constraints: is this section we define some attributes of the technology, and each of 
them can have default values and units. Here we find energetic parameters, lifetime, 
installed capacities, increasing rates and further more. 

o Depreciation: here we provide for a given technology a mean plant lifetime. 
Technology depreciation settings apply when calculating levelised costs. The 
interest rate and life times must be set for each technology with investment 
costs [51]. 

 Costs: The costs section gives costs for the technology. CALLIOPE uses the concept of 
“cost classes” to allow accounting for more than just monetary costs. The above 
example specifies only the monetary cost class, but any number of other classes could 
be used, for example  CO2to account for emissions. By default, the monetary cost class 
is used in the objective function, which seeks to minimize total costs. Additional cost 
classes can be created simply by adding them to the definition of costs for a technology. 
To use an alternative cost class and/or sense (minimize/maximize) in the objective 
function, the objective_options parameter can be set in the run configuration, e.g. 
objective_options:{'cost_class': 'emissions', 'sense': 'minimize'}. This is not our case 
because we will focus in calliope to obtain minimum total costs. 
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5.2.1.3 Locations and Links - locations.yaml 

 
In regards to locations.yaml we provide positions, named “regions”. In each one all techs 
included must be specified, and modifications in previous parameters can be done (constraints, 
costs, etc). If it is convenient, each location can be specified by coordinates as follows: {lat:x, 
lon:y} where x,y are integer numbers and help to compute distances between locations. In this 
way we can set “per-distance and costs constraints for transmission technologies” 
 
 

5.2.2 Calliope Inputs 
 
Below are described the inputs of the model (exogenous variables or parameters), each 
parameter with arguments, pointing out the aspects that the parameter itself depends on. 
  

PARAMETER  UNITS or TYPE DESCRIPTION 

Color (tech) - 
it says which colour corresponds to each technology in the 

plots 

Cost_depreciation_rate 

(loc, tech) 
Years 

Inverse of the number of years the technology will 

be depreciated in a region. 

Cost_energy_cap  

(loc, tech) 

[€/kWgross] 

 

Cost of energy capacity. It is an investment cost 

type 

Cost_om_annual (tech) [€/kWgross/year] O&M fixed cost. It is an investment cost type 

Cost_om_con  

(loc, tech) 
[€/kWh] 

carrier consumption cost for a technology, i.e. 

consumption cost of the fuel. It is a variable cost 

type 

Cost_om_prod  

(loc, tech) 
[€/kWh] 

carrier production cost for a technology, i.e. O&M 

variable cost. It is a variable cost type.  

Cost_storage_cap (loc) [€/kWh] cost of storage capacity  

Energy_cap_equals  

(loc, tech)  
kW 

Specific installed energy capacity  fixes 

maximum/minimum if decision variables 

carrier_prod/carrier_con and overrides _max and 

_min constraints.  

Energy_cap_max (loc, tech) kW 
Maximum installed energy capacity. It is infinite by 

default. 

Energy_cap_min (loc, tech) kW 
Minimum installed energy capacity. It is 0 by 

default 

Energy_cap_min_use  

(loc, tech) 
Fraction 

Minimum carrier production  Set to a value 

between 0 and 1 to force minimum carrier 

production as a fraction of the technology 

maximum energy capacity. It is 0 by default  

Energy_cap_scale  

(loc, tech) 
Fraction 

Scale all energy capacities to this value (1 by 

default) 

Energy_con (loc, tech) Fraction 
Allow this tech to consume energy from the carrier. 

It is 0 by default. 

Energy_eff (loc, tech) Fraction 
Conversion eff from carrier_in to carrier_out. It is 1 

by default 

Energy_prod (loc, tech) 
Boolean 

(true/false) 

Allow this tech to supply energy to the carrier (to 

operate) 
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export_cap (tech) 
 kW Maximum export of carrier_out for a technology 

kW  

export_carrier (loc, tech)  - Name of carrier_out to be exported 

Force_resource  

(region, tech) 

Boolean 

(true/false) 

Forces this technology to use all available resource. 

Demand_electricity = 1.0 

Lifetime (region, tech) years Must be defined if fixed capital costs are defined.  

Interest rate Fraction 
Computed as the historical Spanish interest rate for 

the latest 20 years = 0.0432 

Loc_coordinates - Latitude and longitude for a given location.  

Lookup_loc_carriers (reg) - 
For each region, specifies how is connected with 

the other zones. 

Lookup_loc_techs - 

For each region, specifies the technologies 

available and electricity supply as if it were 

(electricity) a supplier 

Names - Technologies’ names 

Reserve_margin Fraction 
Per-carrier system-wide reserve margins; for 

electricity = 0,1 

Resource (reg, tech) kW 

Maximum available resource (from file as 

timeseries). Unit dictated by resource_unit (in hour 

model resource_unit: energy) 

Resource_unit  

Sets the unit of resource to either energy (i.e. kWh), 

energy_per_area (i.e. kWh/m2), or energy_per_cap 

(i.e. kWh/kW). energy_per_area uses the 

resource_area decision variable to scale the 

available resource while energy_per_cap uses the 

energy_cap decision variable. 

Storage_cap_equals(reg) kWh Specific storage capacity. For pumping storage only 

Storage_cap_max (reg) kWh 
Maximum storage capacity. For pumping_storage 

and battery. It is infinite by default 

Storage_loss (reg) Hour ^-1 
rate of storage loss per hour (static, or from file as 

timeseries), used to calculate lost stored energy. 

Timestep_weights - 

As we can infer from its name, it sets the weight of 

each time step for the simulation. The value by 

default for every time step is calculated as the 

inverse of the total time steps.  

 
 
Before explaining the variables and equations implemented in CALLIOPE, it is worth stressing 
what are variable costs and how they are calculated. They refer to the costs of power generation 
that change as the amount of electricity is generated. The simplest model for variable cost of 
power generation is: Marginal cost of generation ($/MWh) = Marginal cost of Fuel + O&M 
variable costs. The marginal cost of generation for power plants that run on fossil fuels plants 
(coal, oil, gas) is dominated by fuel costs. Operation and maintenance are additional costs, but 
these are smaller. Marginal costs for renewable power generation and nuclear power are 
dominated by operations and maintenance (O&M) costs. This is because fuel from the sun, wind 
and water is (at the margin) basically free, and because the market price of nuclear fuel has 
historically been extremely low. 
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5.2.3 Calliope outputs  
 
Once the model is run, CALLIOPE enables the programmer to save the results (decision variables 
or endogenous variables). The main decision variables are presented below: 
 
 
PARAMETER DESCRIPTION 

Capacity_factor  For each technology at each location, it returns the capacity factor 

Carrier_con  For each technology at each location (mainly technologies whose 

parents are either demand, transmission or storage), it returns the 

carrier_consumption. 

Carrier_prod  For each technology at each location, it returns hourly the carrier 

produced  

Cost  For each technology at each location, it returns the total costs worked 

out as the sum of variable and investment costs. 

Cost_investment  For each technology at each location, it returns all types of cost. 

Monetary is defined by default although other costs (CO2emissions) can 

be considered. 

Cost_var  For each technology at each location, it returns the following time-

varying decision costs: cost_var = cost_prod + cost_con 

Energy_cap  For each technology at each location, it returns the energy capacity 

(kW). 

Storage  For each technology at each location, it returns the energy stored by 

hour.  

Storage_cap  For every storage technology it provides the energy capacity calculated 

in the model 

Systemwide_capacity_factor 

(carriers, techs)  

For every technology, it returns the capacity factor. It is not the capacity 

factor as such, but a mean capacity factor when operating and not for 

the whole year.  

Systemwide_levelised_cost For every technology, it returns its levelised cost of energy/electricity 

(LCOE) 

Total_levelised_cost  It returns the total LCOE of the model, dividing the total costs by the 

total production 

Resource_area  For each technology at each location, it returns the cost of resource 

collector area  

Resource_con  For each technology at each location, it returns the consumption of a 

given resource 

Resource_cap For each technology at each location, it returns the cost of resource 

consumption capacity 

Carrier_export  If it is set, this variable returns hour by hour the carrier that has been 

exported  

Purchased  For each technology at each location, it returns the number of units that 

have been acquired by the system to produce energy 

Unmet_demand For each location, it returns the cost of not meeting the hourly demand. 

This variable appears only if the parameter ensure_feasability is set as 

true. 

Unused_supply  For each location, it returns hour by hour how many carrier has not been 

used and thus wasted. 

 
Levelised Cost of Energy (LCOE) is the constant unit cost (per kWh or MWh) of a payment stream that has 
the same present value as the total cost of building and operating a generation plant over its life. It is 
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made up from equalling the energy selling price to the power plant’s total costs over its lifetime. The next 
formula expresses how is calculated, where EEn is the electric energy sold during the year n, IC are 
investment costs, VC are variable costs, and i is the interest rate over the years.  
 

𝐿𝐶𝑂𝐸 · ∑
𝐸𝐸𝑡

(1 + 𝑖)𝑡
= ∑

𝐼𝐶 + 𝑉𝐶𝑡

(1 + 𝑖)𝑡

𝑛

𝑡=1

𝑛

𝑡=1

 

 

Since our model works for 2015, it is senseless to input the total investment for such year, as if 

it was an overnight plant cost. Thus, what we will use (and what CALLIOPE calculates) is annuity 

concept. An annuity (A) is the annual, discounted amount we need to pay during the lifetime of 

the power plant under study to meet its total capital investment (TCI). Let’s consider a current 

amount P whose capitalised value under an interest rate i over n years results in a future amount 

F. Furthermore, DR states for the previously mentioned “depreciation rate” 

𝑃 =
𝐹

(1 + 𝑖)𝑛
;         𝐹 =  A ·  

(1 +  𝑖 )𝑛 − 1

𝑖
  𝐴 = 𝑃 ·

(1 +  𝑖 )𝑛 · 𝑖

(1 +  𝑖 )𝑛 − 1
= 𝑃 · 𝐷𝑅 

 

5.2.4 Mathematical Formulation 
 

In this section we will not present all the equations used in CALLIOPE but the most important 
ones, so it eases to better understand the software’s reasoning. The equations’ names and their 
organization will follow the structure of CALLIOPE website. From now, the letter k refers to a 
cost type, t refers to each time step and ts to all time steps (in our case, 8760). Besides, we 
remove every term from equations regarding time resolution since it is the same for every time 
step, i.e. 1/8760. 
 

 Objective functions:  
o minmax_cost_optimization: Minimize or maximise total system cost for 

specified cost class. Whether I minimize or maximize the objective function we 

add or subtract the cost of unmet_demand x bigM, respectively. When setting 

ensure_feasibility, the resulting unmet_demand variable can also be negative, 

accounting for possible infeasibility when there is unused supply, once all 

demand has been met (assuming no load shedding abilities). This is particularly 

pertinent when the force_resource constraint is in place.  

𝑚𝑖𝑛: 𝑧 = ∑ 𝑐𝑜𝑠𝑡(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑐𝑜𝑠𝑡𝑘) + ∑ 𝑢𝑛𝑚𝑒𝑡_𝑑𝑒𝑚𝑎𝑛𝑑(𝑙𝑜𝑐 ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡) × 𝑏𝑖𝑔𝑀

𝑙𝑜𝑐∷𝑐𝑎𝑟𝑟𝑖𝑒𝑟,𝑡𝑙𝑜𝑐∷𝑡𝑒𝑐ℎ𝑐𝑜𝑠𝑡

  

 

 Energy Balance:  
o System_balance_contraint_rule: System balance ensures that, within each 

location, the production and consumption of each carrier is balanced. 
 

∑ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑝𝑟𝑜𝑑(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) + ∑ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑐𝑜𝑛(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) +

𝑙𝑜𝑐∷𝑡𝑒𝑐ℎ∷𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑐𝑜𝑛𝑙𝑜𝑐∷𝑡𝑒𝑐ℎ∷𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑝𝑟𝑜𝑑

 

∑ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑒𝑥𝑝𝑜𝑟𝑡(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) ;     ∀𝑙𝑜𝑐: : 𝑐𝑎𝑟𝑟𝑖𝑒𝑟 ∈ 𝑙𝑜𝑐: : 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠, ∀𝑡 ∈ 𝑡𝑠

𝑙𝑜𝑐∷𝑡𝑒𝑐ℎ∷𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑒𝑥𝑝𝑜𝑟𝑡

 

https://calliope.readthedocs.io/en/stable/user/ref_formulation.html#module-calliope.backend.pyomo.constraints.energy_balance
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o Balance_ supply_contraint_rule: it limits production from supply technologies 

to their available resource. If force_resource(loc::tech) is set as true, then the 
first inequality is removed and the second one is substitute by an “equal”. 
 

min_𝑢𝑠𝑒(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) × 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) ≤
𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑝𝑟𝑜𝑑(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡)


𝑒𝑛𝑒𝑟𝑔𝑦

(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡)

≤ 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) ; 
∀𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ ∈ 𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ𝑠𝑠𝑢𝑝𝑝𝑙𝑦 , ∀𝑡 ∈ 𝑡𝑠 

 
o Balance_ demand_contraint_rule: it limits consumption from demand techs to 

their required resource. If force_resource(loc::tech) is set as true, then 
inequality is substitute by an equality. 

 
𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑐𝑜𝑛(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡) × 

𝑒𝑛𝑒𝑟𝑔𝑦
(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) ≥ 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡); 

∀𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ ∈ 𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ𝑠𝑑𝑒𝑚𝑎𝑛𝑑 , ∀𝑡 ∈ 𝑡𝑠 

 
o Balance_transmission_contraint_rule: Balance carrier production and 

consumption of transmission technologies. The term 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑐𝑜𝑛 is multiplied by 

-1 to make it positive. 

−𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑐𝑜𝑛(𝑙𝑜𝑐𝑓𝑟𝑜𝑚 ∷ 𝑡𝑒𝑐ℎ: 𝑙𝑜𝑐𝑡𝑜 ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡) × 
𝑒𝑛𝑒𝑟𝑔𝑦

(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) = 

   𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑝𝑟𝑜𝑑(𝑙𝑜𝑐𝑡𝑜 ∷ 𝑡𝑒𝑐ℎ: 𝑙𝑜𝑐𝑓𝑟𝑜𝑚 ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡) ;  ∀𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ: 𝑙𝑜𝑐 ∈ 𝑙𝑜𝑐𝑠: : 𝑡𝑒𝑐ℎ𝑠: 𝑙𝑜𝑐𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 , ∀𝑡

∈ 𝑡𝑠 

 

 Dispatch:  
o carrier_production_max_constraint_rule: it sets the maximum carrier 

production for all technologies. 
 

𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑝𝑟𝑜𝑑(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡) ≤ 𝑒𝑛𝑒𝑟𝑔𝑦𝑐𝑎𝑝(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) × 𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐𝑒𝑓𝑓(𝑙𝑜𝑐: : 𝑡𝑒𝑐) 

 
o carrier_production_min_constraint_rule: it sets the maximum carrier 

production for all technologies. 
 
𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑝𝑟𝑜𝑑(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡) ≥ 𝑒𝑛𝑒𝑟𝑔𝑦𝑐𝑎𝑝(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) × 𝑒𝑛𝑒𝑟𝑔𝑦𝑐𝑎𝑝_min _use(𝑙𝑜𝑐: : 𝑡𝑒𝑐) 

 
o resource_max_constraint_rule and storage_max_constraint_rule: they set both 

the maximum resource consumed by supply techs and stored energy, 
respectively. 

 
𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑐𝑜𝑛(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) ≤ 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑐𝑎𝑝(𝑙𝑜𝑐: : 𝑡𝑒𝑐)  ;  𝑠𝑡𝑜𝑟𝑎𝑔𝑒(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) ≤

𝑠𝑡𝑜𝑟𝑎𝑔𝑒𝑐𝑎𝑝(𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ)  

 

o ramping_up_constraint_rule and ramping_down_constraint_rule: both 
expressions set an upper and lower limit respectively for the fractional variation 
at every time step t for a certain  𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑝𝑟𝑜𝑑  delivered by a technology 
(𝑑𝑖𝑓𝑓(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡)). 

 
𝑑𝑖𝑓𝑓(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡)  ≤ max _𝑟𝑎𝑚𝑝𝑖𝑛𝑔_𝑟𝑎𝑡𝑒(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡)   

  

https://calliope.readthedocs.io/en/stable/user/ref_formulation.html#module-calliope.backend.pyomo.constraints.dispatch


 

78 
 

 

 Costs: definition in equations of 
o cost_constraint_rule: it combines investment and time varying costs into one 

cost per technology 
 

𝑐𝑜𝑠𝑡(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) = 𝑐𝑜𝑠𝑡𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) ∑ 𝑐𝑜𝑠𝑡𝑣𝑎𝑟(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡)

𝑡 ∈ 𝑡𝑠

 

o cost_investment_constraint_rule: it calculates costs from capacity decision 
variables. 

 
𝑐𝑜𝑠𝑡𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) = 𝑐𝑜𝑠𝑡𝑓𝑖𝑥𝑒𝑑_𝑜𝑚(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) + 𝑐𝑜𝑠𝑡𝑐𝑜𝑛(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) 

𝑐𝑜𝑠𝑡𝑓𝑖𝑥𝑒𝑑_𝑜𝑚(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) = 𝑒𝑛𝑒𝑟𝑔𝑦𝑐𝑎𝑝(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) × 𝑐𝑜𝑠𝑡𝑜𝑚_𝑎𝑛𝑛𝑢𝑎𝑙(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ)  

𝑐𝑜𝑠𝑡𝑐𝑜𝑛(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) = 𝐷𝑅 × (𝑐𝑜𝑠𝑡𝑒𝑛𝑒𝑟𝑔𝑦𝑐𝑎𝑝
(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ) × 𝑒𝑛𝑒𝑟𝑔𝑦𝑐𝑎𝑝(𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ) +  

                                                                   𝑐𝑜𝑠𝑡𝑠𝑡𝑜𝑟𝑎𝑔𝑒𝑐𝑎𝑝
(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ) × 𝑠𝑡𝑜𝑟𝑎𝑔𝑒𝑐𝑎𝑝(𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ) +  

                                                                   𝑐𝑜𝑠𝑡𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒_𝑐𝑎𝑝(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ) × 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑐𝑎𝑝(𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ) + 

                                                                   𝑐𝑜𝑠𝑡𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑎𝑟𝑒𝑎
(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ) × 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑎𝑟𝑒𝑎(𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ)) 

 
o cost_var_constraint_rule: it calculates costs from time-varying decision 

variables. 
 
𝑐𝑜𝑠𝑡𝑣𝑎𝑟(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) = 𝑐𝑜𝑠𝑡𝑝𝑟𝑜𝑑(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) + 𝑐𝑜𝑠𝑡𝑐𝑜𝑛(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) 

𝑐𝑜𝑠𝑡𝑝𝑟𝑜𝑑(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) = 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑝𝑟𝑜𝑑 × 𝑐𝑜𝑠𝑡𝑜𝑚_𝑝𝑟𝑜𝑑(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) + 

𝑐𝑜𝑠𝑡𝑐𝑜𝑛(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) =  𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑝𝑟𝑜𝑑 × 𝑐𝑜𝑠𝑡𝑜𝑚_𝑐𝑜𝑛(𝑐𝑜𝑠𝑡, 𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡)/
𝑒𝑛𝑒𝑟𝑔𝑦

(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ, 𝑡) 

 

 Export: 
o export_balance_constraint_rule: it ensures no technology can exceed its export 

capability (its 𝑒𝑛𝑒𝑟𝑔𝑦𝑐𝑎𝑝) to another technology with the same carrier_out, 
 
𝑒𝑥𝑝𝑜𝑟𝑡𝑐𝑎𝑝(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ) ≥ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑝𝑟𝑜𝑑(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡)

≥ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑒𝑥𝑝𝑜𝑟𝑡(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡)  

 
o update_costs_var_constraint: it updates time varying cost constraint to include 

export. 𝑐𝑜𝑠𝑡𝑒𝑥𝑝𝑜𝑟𝑡(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡) is negative 

 
𝑐𝑜𝑠𝑡𝑣𝑎𝑟(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡) =  𝑐𝑜𝑠𝑡𝑣𝑎𝑟(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡) + 
                                                                    𝑐𝑜𝑠𝑡𝑒𝑥𝑝𝑜𝑟𝑡 × 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑒𝑥𝑝𝑜𝑟𝑡(𝑙𝑜𝑐 ∷ 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡)   

 

 Policy  
o reserve_margin_constraint_rule: it enforces a system reserve margin per 

carrier. 

∑ 𝑒𝑛𝑒𝑟𝑔𝑦𝑐𝑎𝑝(𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡max _𝑑𝑒𝑚𝑎𝑛𝑑) ≥

𝑙𝑜𝑐∷𝑡𝑒𝑐ℎ∷𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑑𝑒𝑚𝑎𝑛𝑑

 

∑ −𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑐𝑜𝑛(𝑙𝑜𝑐: : 𝑡𝑒𝑐ℎ ∷ 𝑐𝑎𝑟𝑟𝑖𝑒𝑟, 𝑡max _𝑑𝑒𝑚𝑎𝑛𝑑)

𝑙𝑜𝑐∷𝑡𝑒𝑐ℎ∷𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑑𝑒𝑚𝑎𝑛𝑑

× (1 + 𝑟𝑒𝑠𝑒𝑟𝑣𝑒_𝑚𝑎𝑟𝑔𝑖𝑛) 

 

5.2.5 Running the model 
 

https://calliope.readthedocs.io/en/stable/user/ref_formulation.html#module-calliope.backend.pyomo.constraints.costs
https://calliope.readthedocs.io/en/stable/user/ref_formulation.html#module-calliope.backend.pyomo.constraints.export
https://calliope.readthedocs.io/en/stable/user/ref_formulation.html#module-calliope.backend.pyomo.constraints.policy
https://calliope.readthedocs.io/en/stable/user/running.html
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Once the model is created, CALLIOPE models can be run by using the command window, with 
the calliope run command-line tool. The calliope run command (in the command window) takes 
also the following options to save the results obtained for each model run:  

 --save_csv={directory name}: this option, on the other hand, saves results as a set of CSV 
files to the given directory. This can be handy if the modeller needs results in a simple 
text-based format for further processing with a tool like Microsoft Excel. 

 -save_plots={filename.html}: this option saves interactive plots to the given HTML file in 
the same directory where we are running the model (where model.yaml is saved) 

 
Another possibility is to run a model programmatically from within a Python interpreter by 
creating a model instance with a given model.yaml configuration file, and then call its run() 
method. 
 
import calliope 
model = calliope.Model('path/to/model.yaml') 
model.run() 
 
Once the model has come to a solution the results are loaded in another xarray Dataset call 
model.results. Afterwards, the model can be saved with either to_csv() or to_netcdf(), which 
saves all inputs and results. It has been possible to run the embedded notebooks on the own 
machine because Calliope and the Jupyter Notebook were installed.  
 
Likewise, we can plot our results by using plotting functionalities. By simply typing the 
instructions model.plot.timeseries(), model.plot.transmission(), model.plot.capacity() we plot 
information of inputs and results regarding hourly generation and demands, transmission and 
capacities, respectively. To gather all the information in a single .html file, we could type 
model.plot.summary(to_file='plots.html'). 
In such file, saved in the current working directory, all the information is available online 
although it is uncomfortable to present and analyse results. The following picture shows how 
the file has been created for the Spanish model.  
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Figure 28: Graphic results obtained by running the code interactively with Python 

 

5.3 Calibration Models for Power generation 
 
In this part we will analyse and describe the models built to recreate the Spanish electric market 
and power production. The first two models have allowed us to calibrate and adjust all the input 
data later explained to obtain almost exact results, while the latest models include final demand 
modifications in compliance with the appliances substituted. 
 
The models have been numbered by the order of their creation and implementation. In order 
to explain each model, the same structure has been used. 

1. Description 
2. Main data input 
3. Main modelling parameters 
4. Results 

 
 

5.3.1 Model 1: Peninsular generation. 
 
1. Description  

 We adjust all economic constraints throughout this model for the Iberian Peninsula, 
checking that electricity price and the energy mix generation match, as far as possible, 
real values for 2015. We count with one region, the Iberian Peninsula, since hourly 
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generation values are only available for it. Besides, hourly imports and exports, pumping 
consumption and Balearic transmission are known. Hence, we can compare model’s 
outputs with real values once we obtain both real electricity production and real price, 
recalling that diary price for demand b.b. was 0,05167 €/kWh. 

 
2. Main data input 

 Hourly electricity demand for the Peninsula and the Balearic interconnection.  

 Annual power installed per energy resource and total electric generation, as well as the 
electricity-for-pumping consumption. We will also include both imports and exports 
through the peninsular borders. The table below summarises this information, keeping 
the format and layout provided in REE reports. 

 Hourly electricity dispatch by resource: in the e·sios platform [61] hourly generation 
profiles for every energy resource previously discussed are available online, as well as 
other input data that will be further explained and discuss. In addition, we will follow 
the technologic arrangement used by REE to present generation, costs, results and any 
other information regarding energy sources. The technology groups are clustered as 
follows and each one has been attributed with a colour, like in REE. Within this 
classification we highlight that we only include imports coming from France and Portugal 
because the ones originated in Andorra and Morocco are negligible, because Spanish 
plays the role of “exporter” for those countries rather than importer. Finally, for France 
and Portugal we will provide the lines availability hour by hour in 2015 to import 
electricity to the peninsula. 

 
Technology Power installed [MW] Energy Produced [GWh] 

Hydro 20,352 31,282 

Run-of-river plants 2,169 5,458 

Dam plants 14,793 20,703 

PSH plants 3,389 5,121 

Nuclear 7,573 54,662 

Coal 10,468 51,076 

CC 24,948 25,156 

Wind 22,864 47,711 

Solar_pv 4,420 7,845 

Solar_th 2,300 5,085 

Other_renew 742 4,591 

Cogeneration 6,684 25,103 

Waste 677 1,886 

Total 101,027 254,396 

Pumping consumption  -4,738 

Imports  14,956 

Exports  -15,089 

Balearic Interconnection  -1,337 

Demand b.b.  248,188 

 
Table 22: Peninsular electricity production and power installed by energy source 
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Group identifier Complete name Technologies included 

Hydro_ror Run-of-river energy - 

Hydro_dam Dam energy - 

Hydro_PSH PSH energy - 

Nuclear Nuclear energy - 

Coal Coal energy Anthracite + sub-bituminous + mining by-products 

CC Combined Cycle Gas Turbine - 

Wind Wind energy - 

Solar pv Solar photovoltaic energy - 

Solar th Solar thermal energy - 

Other renew Other Renewable energies Biogas, biomass, geothermal and tidal energy 

Cogeneration Cogeneration energy Natural gas cogeneration + residual energy 

Waste residues and waste to energy Household residues and similar + other residues 

Import_Fr Imports from France - 

Import_Po Imports from Portugal - 

 
Table 23: Aggregation of techonlogy groups used in REE and implemented in this project 

 

 Costs: the initial estimated costs for every technology are provided below, mainly 
obtained from [5] and various Spanish reports and master thesis regarding power 
generation and electricity power plants [1,2,3,6]. We also include the estimated 
lifetimes for power plants (article 14, law 24/2013) from which we obtain each 
depreciation rate, later used for annuities calculation. Besides, the interest rate chosen 
has been 4.23%, which is the mean average since 1995. Finally, highlight that waste’s 
fuel consumption is the revenue obtained from residues and waste collection, thus its 
value is negative. 
In addition to numeric costs, we have provided in a CSV file hourly prices for the 
technologies where “series” is written: 

o Import_Fr: hourly selling price of the French market. 
o Import_Po: hourly selling price of the Portuguese market. 
o Hydro_PSH: hourly-consumption electricity price for PSH plants. Reversible 

power plants consume electricity at low prices, when the demand reaches its 
lowest values (during the night and part of the evening). The energy is used for 
taking water from the lower dam to the upper one (associated to 
cost.monetary.om_con). The electricity tariff in this case has the following 
elements. 

 The PFM obtained from the National Energy Commission’s (CNMC)  
 Detours: The cost of detours in the purchase schedule are caused by a 

bad exploitation or problems. In our case it will be assumed that there 
are no diversions, i. e. that the cost per detours is zero because you 
know exactly how much is going to be produced.  

 Reactive energy term: Refers to the consumption of reactive energy in 
both the production as well as in the consumption of electrical energy. 
We suppose no extra cost if we consider we operate between 0.98 
capacitive and 0.98 inductive 

 Access Tolls (Peajes de Acceso, PA): This is a tariff for access to the 
networks, established by the government as well as the use of the 
transport networks and distribution. These tariffs are structured 
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according to voltage levels and periods: access tariffs in one, two and 
three LV tariff periods, three and six tariff periods in medium voltage, 
and six tariff periods in HV. Since the concerning case belongs to the last 
option, there are also tariffs according to the voltage: from tariff 6.1 
(<36kV) to tariff 6.5 (international connections). Finally, we choose the 
option P3 (an 8-hours period when energy consumption is the 
cheapest), so the toll is 0.0067 €/kWh 

 Taxes: 5,112696% over the total electricity bill.  
 

Hence the average pumping price is:  
(0.06155 + 0.0067) *(100 + 5.112696)% = 0.07174 €/kWh 

 
 

Technology 
energy_cap 

[€/kW] 
om_annual 

[€/kW/y] 
om_ prod 
[€/kWh] 

om_con 
[€/kWh] 

Lifetime 
[years] 

Depreciation 
Rate 

hydro_ror 1,457.25 85.147 0.015 - 65 0.0462 

hydro_dam 923.25 8.515 0.015 - 65 0.0462 

hydro_PSH 923.25 8.515 0.015 Series 65 0.0462 

nuclear 3,800.25 71.814 0.002 0.002 50 0.0491 

coal 796.6 22.5 0.016 0.034 35 0.0559 

CC 550 14.7 0.003 0.030 25 0.0662 

wind 1,248 43.93 0.013 - 20 0.0757 

Solar pv 945.75 57.959 0.023 - 30 0.0601 

Solar th 6,222.75 184.912 0.068 - 25 0.0662 

other renew 3,012.75 205.543 0.015 0.028 25 0.0662 

cogeneration 1,000 62.4 0.003 0.030 20 0.0757 

waste 3,400 457.472 0.033 -0.014 25 0.0662 

Import_Fr - - - Series - - 

Import_Po - - - Series - - 

 
Table 24: technology costs and cost-related parameters for annualisation 

 
According to data provided by OMIE, the greater the contribution of renewable energies is, the 
lower the matching price in the market. When carrying out a simulation in which renewable 
generation disappears, it is verified that the average market price in 2015 would have been 
68,57 €/MWh (closer to the first result of 77.77 €/MWh) instead of the 51.67 €/MWh that 
resulted from matching with renewables [16]. 

 
In order to know the net effect that renewable energies produce in our electrical system, it is 
necessary to offset the savings produced against the remuneration received. Over the course of 
2015, the savings produced in the pool by renewable energies reached 4,18 million euros, 2,319 
million euros in fossil fuels were avoided and, additionally, renewable energies saved 309 million 
euros in  CO2 emission rights. On the other hand, renewable energies received 6.669 million € 
as specific remuneration for generation. The existence of renewable generation, which usually 
offers its energy at prices lower than those of other generation plants, results in the setting of a 
lower marginal price. Thus, if we were to eliminate renewable generation from market 
matching, other higher-cost generation plants would be included in the matching and, therefore, 
the market price would be higher for all generation units. [8] 
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The CNMC makes the remuneration settlements of the specific remuneration system for 
electrical energy production facilities from renewable energy sources, cogeneration and waste, 
in accordance with the provisions of Article 29 of RD 413/2014. The total amount settled is 
broken down by technology as follows. We have to consider that the economic retribution must 
be allocated in the different demographic parts (Ceuta does not appear because there is no 
renewable generation), so each zone will be provided with the following shares: 
 

Technology 
Retribution 

[M€] 
Retribution 

[€/kWh] 
Peninsular 

(%) 
Balear 

(%) 
Canary 

(%) 
Melilla 

(%) 

hydro_ror 73,772 0.0135 99.93 - 0.07 - 

wind 1.253,570 0.0261 99.16 0.01 0.83 - 

Solar pv 2.434,792 0.2954 95.18 1.49 3.33 - 

Solar th 1.274,806 0.2507 100 - - - 

other renew 261,728 0.0569 99.78 0.04 0.18 - 

cogeneration 1.151,346 0.0458 99.87 0.13 - - 

waste 219,756 0.1000 85.85 13.76 - 0.39 

 
Table 25: Retribution allocated by renewable sources, cogeneration and waste in 2015 

 
3. Main modelling parameters: 

 plan mode: we choose this mode since the diary market price as well as the LCOE include 
fix costs in their formulas, so we are able to observe if we have obtained the aimed price 
or not. Furthermore, it is necessary to include investment costs because calliope will 
consider it when opting for one producer instead of another at every time step. 

 Tech_groups: we have stablished 3 kind of technologic groups. There is one which is 
storage, since PSH plants own turbine-and-pumping cycles, having the similar behaviour 
as batteries. On the other hand, we can distinguish between non-renewable and 
renewable energy suppliers.  

 Set resource: file=generation.csv: hydro_ror. By this instruction we provide hourly 
energy availability for all the resources previously shown in the costs table in a CSV file 
called “generation”. In the example provided, the instruction calls for hydro run-of-river 
technology. 

 Set energy_cap_equals: it sets the specific installed resource consumption capacity in 
kW. It is mandatory in order to calculate fix costs and constraint the maximum 
production per time step. This setting, in terms of production capacity, is overridden for 
those technologies which have been constraint by the constraint force_resource. 

 Set force_resource: true for renewables (hydro_ror, wind, solar, other_ren), 
cogeneration, waste. We recall that these technologies belong to the retribution plan, 
which funds and finance generation by these resources to promote lower diary -market 
prices and  CO2-emission taxes savings. Henceforth, they will produce energy as long as 
their energy source is available.   

 Energy_ramping: hourly analysis for 2015 and set energy ramping for technologies as 
the maximum variation given in percentage between consecutive hours of generation. 

o Nuclear power plants have a significantly rigid operating regime (they take days 
to start up and reach the maximum level of production). Therefore, their ability 
to vary their level of production in the short term is limited.  

o Fuel-oil and natural gas-fired power plants are flexible (they change their level 
of production somewhat quickly), while coal-fired plants are significantly rigid.  
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o For the other technologies we have analysed the hourly generation and 
calculate the maximum variation between consecutive hours to obtain the 
energy_ramping for 2015. 

 Energy_cap_min_use: specific minimum carrier production by supplier technology. Set 
to a value between 0 and 1 to force minimum carrier production as a fraction of the 
technology maximum energy capacity. In the next table energy_ramping and 
energy_cap_min_use values are presented. 

 

Hydro_dam Nuclear Coal CC 

energy_ramping  2.13 0.15 0.43 1.1 

energy_cap_min_use 0.0201 0.47 0.016 0.0163 

 
Table 26: energy ramping and minimum capacity use for non-renewables and dam plants in the Spanish peninsula 

 Transmission: we must include the HVDC transmission line that connects The Iberian 
Peninsula with Mallorca, the Balearic archipelago’s main island. Due to the fact that links 
are bidirectional by default in CALLIOPE, in order to force unidirectionality we must set 
the one_way constraint in the technology definition, for that link. 
links: 

Z1,Z2:   #this will only allow transmission from Z1 to Z2 
HVDC_subsea_Ba:   #transmission technology 

constraints: 
one_way: true 

 Ensure_feasibility: false. Demand will be always met since Spanish electric market must 
ensure electricity supply under law’s rule (although every year there are periods of 
minutes when demand is not met). 

 Set storage_cap_equals and storage_initial: we concretely specify for PSH power plants 
the storage capacity (3,389,300 kWh) and the initial value, i.e. capacity available at 00:00 
the day 01/01/2015 which is 2,292,100 kWh. 

 Export: It is possible to specify revenues for technologies by setting a negative cost 
value, given as the dairy market cost for Spanish exports in a CSV file also. To do such 
setting we include 2 parameters specifically: supply_electricity_renewable.carrier_out: 
electricity and also its hourly revenue in the instruction costs.monetary.export: 
file=price.csv:export. 

 
Once introduced all the previous parameters, we run the model. The calliope environment 
allows us to save the outputs in various CSV files in a folder called results.csv. 
 
4. Results: 

 The mean dairy market price in 2015 was 0.05167 €/kWh (LCOE for real dairy market), 
which is the value we would have obtained if power plants’ generation had produced 
hour by hour the same energy as in 2015. In fact, prices have been calibrated in order 
to obtain such price in the conditions just explained before. When we lunch CALLIOPE, 
the price reached is fairly close to the real one (LCOE for dairy market in Calliope). 
However, there are differences in the price of generation when we consider electricity 
consumption for pumping water in PSH plants, imports, exports and Balearic 
interconnection prices. When we consider this second case we refer to the demand b.b., 
while in the first case we refer to total generation. 
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Dairy market price (generation) Total price (demand b.b.) 

CALLIOPE Real CALLIOPE Real 

Total [GWh] 234,520 254,397 248,191 248,189 

LCOE [€/kWh] 0.05211 0.05167 0.05131 0.05123 

 
Table 27: Comparison between CALLIOPE and 2015 results regarding LCOE for electricity generation and demand 

 

 Regarding total production, we observe that coal and hydro_PSH generation is 
significantly lower than their real values of generation in 2015, counteracted by greater 
imports coming from Portugal. Clearly, the program exploits the later resource because 
its LCOE is lower than coal’s and hydro_PSH’s total generation cost. Nevertheless, 
generation’s LCOE in the CALLIOPE model is greater than the supposed dairy market 
price, which is 0.05167 €/kWh. 

 
 

Technology 
Annual production [GWh] LCOE [€/kWh] 

CALLIOPE Real CALLIOPE Real 

Hydro_ror 5,458 5,458 0.0590 0.0616 

Hydro_dam 20,601 20,703 0.0437 0.0435 

Hydro_PSH 49 5,121 3.5975 0.1056 

Nuclear 56,082 54,662 0.0325 0.0332 

Coal 37,056 51,076 0.0689 0.0637 

CC 23,053 25,156 0.0848 0.0851 

Wind 47,711 47,711 0.0572 0.0633 

Solar pv 7,845 7,845 -0.1661 -0.1597 

Solar th 5,085 5,085 0.0873 0. 2492 

Other renew 4,591 4,591 0.0761 0.0792 

Cogeneration 25,103 25,103 0.0450 0.0513 

Waste 1,886 1,886 0.1626 0.1638 

GENERATION 234,520 254,397 0.05211 0.05167 

Balearic connection -1,337 -1,337 0.05211 0.05167 

Import_Fr 9,601 9,131 0.0364 0.0360 

Import_Po 16,101 5,811 0.0485 0.0528 

Exports -10,646 -15,075 -0.0534 -0.0501 

PSH_consumption -48 -4,738 - - 

DEMAND B.B. 248,191 248,189 0.05131 0.05123 

 
Table 28: Results split by technology of the Model 1. Annual production and cost of energy are compared with 2015 

results 

 
It is also important to highlight the difference between real and simulated LCOE regarding 
renewables, cogeneration and waste, despite being forced to produce the same energy hour by 
hour as occurred in 2015. This is because CALLIOPE includes for these resources the exports 
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associated (whose LCOE is negative because the electricity sold is modelled as a revenue), and 
thus the hourly costs by resource are worked out as the sum of generating cost at each time 
step subtracting the benefits from exporting electricity by such source. 

 

 Following the same reasoning, real exports are also higher in magnitude than the ones 
obtained in CALLIOPE in spite of the revenues gained from exporting electricity. In fact, 
if we analyse time series of previous years, 2015 is an exception in regards to import-
export balance because such year closed with an almost null balance (-133 GWh). Cross-
border interconnection is essential for market integration, renewable energy 
integration, and security of supply. Spain’s interconnection capacity remains very low, 
at around 4% of installed capacity in 2014. As part of completing the internal market for 
electricity, securing electricity supply, and facilitating the grid integration of renewable 
energy, the October 2014 European Council agreed on a target of a 10% share of 
interconnection capacity in total installed generation capacity in every member country 
by 2020. Furthermore, this target should be raised to 15% by 2030 [20]. Henceforward, 
Spain has become an importer rather than an exporter, showing below the net energy 
exchanged with Portugal, France, Andorra and Morocco with the passing of the years:  

 
Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 

International 
Exchanges [GWh] 

-8,333 -6,090 -11,200 -6,732 -3,406 -133 7658 9,169 11,102 

 
Table 29: international electricity exchanges from 2010 up to date. The evolution from an exporter to an importer 

behaviour is clear 

 Apart from annual values, the model must be validated by the different resources’ hour-
by-hour profiles. Since we are dealing with 8760 values per source and there are 16 
technologies (considering national production, international imports and final demand), 
we will picture the mean profiles for the different models. The main differences, as we 
anticipated before, lie on the lower hydro_PSH and coal productions balanced by higher 
imports from Portugal. In the profiles there are technologies which are invaluable 
because of the axis scales, so for these technologies we provide the mean profiles in the 
table attached afterwards the profiles. 

o In regards to the PSH plants, they produce energy during peak hours and 
consume electricity when valley hours take place because electricity is cheaper 
and the availability of other resources to produce electricity if it were required. 

o Finally, the great differences between real and simulated international 
exchanges are also perceptible in the mean annual profile.   
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Figure 29: Mean demand profil split by electricity generation sources in 2015 and in Model 1 
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CALLIOPE MODEL  [kWh] REAL MODEL [kWh] 

 
Hydro 

PSH 
International 

Exchanges 
PSH 

consumption 
Hydro 

PSH 
International 

Exchanges 
PSH 

consumption 

00:00:00 0 1,815,606 0 184,515 -446,733 -690,914 

01:00:00 0 2,273,714 -3470 95,134 -457,209 -1,096,338 

02:00:00 0 2,358,497 -17162 63,572 -376,666 -1,402,085 

03:00:00 0 2,331,536 -24638 50,928 -261,483 -1,573,279 

04:00:00 0 2,260,196 -53791 52,134 -149,347 -1,588,241 

05:00:00 0 2,058,766 -13271 97,698 87,282 -1,359,216 

06:00:00 0 2,077,489 0 261,565 404,884 -922,220 

07:00:00 5,829 2,113,384 0 532,431 772,491 -565,093 

08:00:00 3,380 2,130,117 0 807,787 733,352 -392,578 

09:00:00 5,099 2,028,564 0 931,323 642,576 -284,037 

10:00:00 10,664 1,730,531 0 955,071 400,568 -205,379 

11:00:00 28,656 1,503,683 0 902,551 167,116 -192,066 

12:00:00 33,745 1,304,398 0 808,536 -16,863 -205,627 

13:00:00 7,998 1,257,628 0 657,245 -232,343 -230,936 

14:00:00 9,286 1,216,925 -9286 508,844 -541,865 -301,258 

15:00:00 0 1,264,957 -12157 443,833 -586,255 -385,010 

16:00:00 0 1,212,985 0 436,434 -470,133 -395,978 

17:00:00 0 1,073,125 0 536,881 -380,361 -347,367 

18:00:00 333 1,284,161 0 829,486 -193,824 -224,469 

19:00:00 1,233 1,537,118 0 1,170,264 176,747 -93,820 

20:00:00 26,861 1,816,772 0 1,345,462 525,179 -35,586 

21:00:00 689 1,693,547 0 1,169,919 263,617 -48,768 

22:00:00 0 1,453,124 0 770,344 -119,272 -123,584 

23:00:00 0 1,451,693 0 418,451 -306,304 -317,875 

 
Table 30: Hourly profiles for less appreciated energy sources depicted in figure 28. Comparison between 2015 

results and Model 1 

 

5.3.2 Model 2: Spanish generation. 
 
1. Description  

We adjust all economic constraints throughout this model for the Spanish territory, 
checking that electricity price and the energy mix generation match, as far as possible, 
real values for 2015. As in the first model, hourly imports and exports, pumping 
consumption and Balearic electricity transmission are known. Nevertheless, hourly 
generation values for non-peninsular regions (Z2, Z3, Z4, Z5) are not available but in 
dairy production diagrams, like the one presented below for Balearic production. 
Despite this issue, we can compare models’ outputs with real values once we obtain 
both real electricity production and real price, bearing in mind that diary price for 
generation was 0.05128 €/kWh. 

 In contrast to Model 1, we count with 5 regions. In order to identify them, we attribute 
to each region an identifier (as we have explained before regarding technologies):  
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o the Iberian Peninsula: Z1 (zone 1) 
o the Balearic Islands: Z2 (zone 2) 
o the Iberian Islands: Z3 (zone 3) 
o the autonomous city of Ceuta: Z4 (zone 4) 
o the autonomous city of Melilla: Z5 (zone 5) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 30: Spanish territory divided by zones whereby Model 2 will be built and studied 

 
2. Main data input 
 

Technology Balearic 
 Islands 

Canary  
Islands 

Ceuta Melilla Non-Peninsular  
systems  

Total 
Spain 

Hydro - 1.26 - - 1.26 20,353 
Run-of-river 

plants - 1.26 - - 1.26 2,170 

Dam plants - - - - - 14,793 

PSH plants - - - - - 3,389 

Nuclear - - - - - 7,573 

Fuel/gas 787.40 1,535.70 90.82 76.14 2,490.06 2,490.06 
Diesel 

Generators 182.00 495.92 77.52 64.64 820.08 820 

Gas Turbine 605.40 557.14 13.30 11.50 1,187.34 1,187 

Steam Turbine - 482.64 - - 482.64 483 

Coal 468.40 - - - 468.40 10,936 

CC 857.95 864.20 - - 1,722.15 26,670 
Auxiliary 
Generation 13.73 - - - 13.73 13.73 

Hydrowind - 11.39 - - 11.39 11.39 

Wind 3.65 152.59 - - 156.24 23,020 

Solar_pv 77.56 166.20 - 0.06 243.82 4,664 

Solar_th -  - - - - 2,300 

Other_renew 2.13 3.37 - - 5.50 747 

Cogeneration 10.75 33.27 - - 44.01 6,728 

Waste 74.80 0.00 - 2.17 76.97 754 

Total 2,296.37 2,767.98 90.82 78.37 5,233.54 126,613 

 
Table 31: Electric power installed by energy source in non-peninsular territories and in Spain [MW] 
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 Hourly electricity demand for the Peninsula and the Balearic interconnection.  

 Annual power installed per energy resource and total electric generation, as well as the 
electricity-for-pumping consumption. We will also include both imports and exports 
through the peninsular borders for annual energy produced in GWh. The first table 
below shows, for non-peninsular systems and Spain, the installed capacity in MW, while 
the second table presents the total energy produced in GWh for 2015. 
As far as wind technologies are concerned, their hourly production has been obtained 
by through [68, 69]. In such online platform is possible to inset, for wind option, various 
parameters such as latitude and longitude, height and the wind turbine model. Hence, 
by this tool, “Wind” and “Hydrowind” profiles for Balearic and Canary Islands have been 
obtained. 
 

 
 

Table 32: Electric generation by energy source in non-peninsular territories and in Spain [GWh] 

 

 Total electricity dispatch by resource we will follow the technologic arrangement used 
by REE to present generation, costs, results and any other information regarding energy 
sources. New group identifiers have been added as in model 1, using also the previous 
technologies for non-peninsular systems. 

Technology Balearic  
Islands 

Canary  
Islands 

Ceuta Melilla Non-Peninsular  
systems  

Total 
Spain 

Hydro -  3.59 - - 3.59 31,286 

Run-of-river plants - 3.59 - - 3.59 5,461 

Dam plants - - - - - 20,703 
PSH plants - - - - - 5,121 

Nuclear 
- - - - 

                                    
-  54,662 

Fuel/gas 1,311.90 4,763.91 205.44 204.82 6,486.07 6,486.1 

Diesel Generators 729.77 2,207.69 204.72 204.23 3,346.40 3,346.4 
Gas Turbine 582.14 330.90 0.72 0.59 914.35 914.35 

Steam Turbine - 2,225.31 - - 2,225.31 2,225 

Coal 1,865.27 - - - 1,865.27 52,941 

CC 809.24 3,213.04 - - 4,022.28 29,179 

Auxiliary Generation 10.58 - - - 10.58 10.58 

Hydrowind - 8.56 - - 8.56 8.56 

Wind 5.32 396.88 - - 402.20 48,113 

Solar_pv 122.64 274.82 - 0.08 397.54 8,242 

Solar_th -  - - - - 5,085 

Other_renew 1.97 8.05  - - 10.03 4,601 

Cogeneration 31.55 -  - - 31.55 25,135 

Waste 302.20 - - 8.59 310.79 2,196 

Total 4,451 8,633 204 213 13,548 267,945 

Pumping 
consumption 

- 
- - - - 

-4,738 

Imports - - - - - 14,956 

Exports - - -  -  - -15,089 

Balearic 
Interconnection 1,337 - - - 1,337 

-1,337 

Demand b.b. 5,788 8,633 204 213 14,885 263,073 
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Group identifier Complete name Technologies included 

Fuel/gas Fuel and Gas Diesel Generator + gas turbine + steam turbine 

Diesel Diesel Generator - 

GT Gas Turbine - 

ST Steam Turbine - 

Aux_gen Auxiliary Generation - 

hydrowind Hydrowind - 

  
Table 33: additional energy sources found in non-peninsular territories, aggregated into technology groups 

 

 Costs: the initial estimated costs for every technology are provided below, mainly 
obtained from [5] and various Spanish reports and master thesis regarding power 
generation and electricity power plants, mentioned in section 5.3.1. Since total capacity 
and total generation change because we include the two archipelagos and the 
autonomous cities, only variable costs (om_prod_annual and om_con_annual) change for 
those technologies that are under the retribution program: renewables, cogeneration 
and waste. Lastly, new technologies are included in the Spanish case with the following 
costs, lifetime and depreciation rates. 
 

Group 
identifier 

energy_cap 
[€/kW] 

om_annual 
[€/kW/y] 

om_prod 
[€/kWh] 

om_con 
[€/kWh] 

Lifetime 
[years] 

Depreciation 
Rate 

Diesel 130 13.6 0.024 0.1675 10 0.1253 

GT 490 12.6 0.021 0.0365 20 0.0757 

ST 590 15.1 0.016 0.0350 30 0.0601 

Aux_gen 470 12.5 0.021 0.0365 20 0.0757 

Hydrowind 1,085.63 17.2 0.012 - 40 0.0518 

 
Table 34: technology costs and cost-related parameters for annualisation regarding additional technologies in non-

peninsular zones 

 
3. Main modelling parameters: 

 Energy_ramping: we have added this constraint for a better and more realistic 
recreation of Spanish generation by analysing dairy profiles. In the case of fossil-fuelled 
power plants, this parameter remains unchanged since it expresses technologic 
limitations regardless the location. Nevertheless, in extra- peninsular systems we have 
technologies that play similar roles to in the peninsula (either producing electricity at 
every time as base technologies or ensuring the supply during peak hours). The following 
picture shows the production graphics available online where hourly generation is 
broken down by technology (in this case, the picture has been taken for Balearic 
generation at 5:00 a.m., 24-nov). 

 Energy_cap_min_use: contrary to the previous parameter, the mix of base technologies 
change according to the zone. Therefore, it has been necessary to fix a minimum 
production of energy coming from various non-renewable energy resources. For this 
purpose, daily profile series have been analysed for 2015. Hence, both the maximum 
hourly production variation by energy source and the minimum resource consumption 
for each technology according to the different zones are provided below: 
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Figure 31: example of electricity geneartion mix in the Balearic Islands. Obtained from  e·sios 

 

Technology Region energy_ramping energy_cap_min_use 

Diesel 
Z2 
Z3 

0.68 
1.1 

0.31 
0.5 

GT 

Z2 
Z3 
Z4 
Z5 

1.1 
1.1 
1.1 
1.1 

0.11 
- 
- 
- 

ST Z3 1.1 0.253 

Coal Z2 0.43 0.1067 

CC 
Z2 
Z3 

1.1 
2.1 

0.009 
0.19 

Aux_gen Z2 2.1 - 

 
Table 35: energy ramping and minimum capacity use for non-renewables in non-peninsular territories for Model 2 

o Diesel generators: in the islands, diesel generators are committed to meet the 
base demand. On the contrary, in Ceuta and Melilla are responsible for almost 
all the electricity production. Therefore, to model the electricity generation in 
Ceuta and Melilla, diesel generators’ availability will be equal to the hourly 
demand, and the other energy resources will produce energy whenever 
possible. 

o Gas turbine: while gas turbines in Balearic Islands play the role of base 
technologies, in the rest of non-peninsular systems they are implemented to 
meet the demand during peak hours. 

o Steam turbine: only found in the Canary Islands, working in a non-stop way. 
o Coal: as in the peninsular case, Balearic-coal power plant works 24 hours a day. 
o Combined Cycle: in both, archipelagos combined cycles are implemented as 

base technologies although energy_ramping parameter differs between them, 
according to the time series. 
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o Auxiliary Generation: we recall that this technology is nothing more than gas 
turbines, even though are barely employed, only when it was extremely 
necessary. 

 
4. Results: 

 The mean dairy market price in 2015 was 0.05167 €/kWh (LCOE for real dairy market), 
which is the value we would have obtained if power plants’ generation had produced 
hour by hour the same energy as in 2015. In fact, prices have been calibrated in order 
to obtain such price in the conditions just explained before. When we lunch CALLIOPE, 
the price reached is fairly close to the real one (LCOE for dairy market in Calliope). 
However, there are differences in the price of generation when we consider electricity 
consumption for pumping water in PSH plants, imports, exports and Balearic 
interconnection prices. When we consider this second case we refer to the demand b.b., 
while in the first case we refer to total generation. 

 
Dairy market price (generation) Total price (demand b.b.) 

CALLIOPE Real CALLIOPE Real 

Total [GWh] 246,988 267,945 262,555 263,073 

LCOE [€/kWh] 0.05120 0.05128 0.05026 0.05086 

 
Table 36: Comparison between CALLIOPE and 2015 results regarding LCOE for electricity generation and demand in 

Model 2 

 

 Regarding total production, we firstly present the results arranged by zones. Since 
peninsular conclusions have been already discussed, in this section we present non-
peninsular generation values obtained in CALLIOPE. We recall that, for comparison 
purposes, real values have been included in the previous section “main input data”.  

o Balearic Islands: while coal and CC produce almost the same amount of energy 
(1865 and 809 GWh, respectively), CALLIOPE biases for gas turbines instead of 
diesel generators and auxiliary generation because of their high variable costs and 
thus high LCOE. Hence, when comparing to real statistics, diesel generator would 
produce less than 200 GWh and auxiliary generators would deliver near 1 GWh 
instead of 10.6 GWh as happened in 2015. 

o Canary Islands: unlike Balearic archipelago, canary generation follows the real 
production. This is because diesel generators play a more vital role than in Balearic 
Islands as one can infer from comparing energy_cap_min_use parameters. Besides, 
we observe a little deviation in the gas turbine, balanced by a greater steam turbine 
and CC production. 

o Ceuta and Melilla: in both cases the annual values obtained almost meet the real 
production by source.  

 

 We attach a final comparison between generation in terms of GWh and LCOE. Once again, 
coal and hydro_PSH generation is significantly lower than their real values of generation in 
2015, counteracted by greater imports coming from Portugal. From this we deduct why 
hydro_PSH’s LCOE is extremely high, because its annual generation is so low that it cannot 
leverage the economy of scale: a higher production by technology cheapens the kWh cost.   
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Technology Balearic  Islands Canary Islands Ceuta Melilla 

Hydro_ror - 3.59 - - 

Diesel 497 2,210.3 203.3 203.94 

GT 657.6 164.02 0.72 0.59 

ST - 2,318.71 - - 

Coal 1982.3 - - - 

CC 849.7 3,248.1 - - 

Aux_Gen 0.9 - - - 

Hydrowind - 8.56 - - 

Wind 5.32 396.79 - - 

Solar pv 122.6 274.82 - 0.08 

Other renew 1.97 8.05 - - 

Cogeneration 31.55 - - - 

Waste 302.20 - - 8.59 

GENERATION 4,451 8,633 204 213 

Balearic connection 1,338.4 - - - 

DEMAND B.B. 5,788 8,633 204 213 

 
Table 37: simulated electricity generation mix in non-peninsular territories obtained in Model 2 

 
In spite of obtaining a lower generation than in reality, total demand b.b. are very similar because 
CALLIOPE must meet the later demand and not the former. Within both values we cannot include 
an export’s LCOE since they are directly subtracted from renewables generation. 

 
 

 
Figure 32: Mean demand profil split by electricity generation sources in Model 2 

 
 

0

5000

10000

15000

20000

25000

30000

35000

CALLIOPE Mix [GWh]

Balearic Intercon Internat Exchanges hydro nuclear
Diesel GT ST coal
CC Aux_gen Wind Solar_pv
Solar_th Other_renew Cogeneration & waste



 

96 
 

 Last but not least, the model must be validated by the different resources’ hour-by-hour 
profiles [figure 30]. Since we are dealing with 8760 values per source and there are 25 
technologies (considering national production, international imports and final 
demands), we will picture the mean profile for the model. The main differences 
observed in the peninsular model still remain in the Spanish case, logically. In the profile 
there are technologies which are invaluable because of the axis scales, so for these 
technologies we provide the mean profiles in the table attached afterwards the profiles. 

o While diesel generators produce electricity at an almost constant level, gas and 
steam turbines in the non-peninsular systems are more active when the 
demand is greater. 

o The electricity flowing through the Balearic link follows the same tendency as in 
reality, obtaining the lowest values during the night 

 
 

Technology 
Annual production [GWh] LCOE [€/kWh] 

CALLIOPE Real CALLIOPE Real 

Hydro_ror 5,461 5,461 0.0588 0.0616 

Hydro_dam 20,603 20,703 0.0437 0.0435 

Hydro_PSH 45 5,121 3.9370 0.1056 

Nuclear 54,658 54,662 0.0332 0.0332 

Diesel 3,112 3,346 0.1994 0.1988 

GT 1,149 914 0.1088 0.1220 

ST 2,319 2,225 0.0622 0.0620 

Coal 39,093 52,941 0.0688 0.0621 

CC 27,163 29,179 0.0810 0.0761 

Aux_Gen 4 10.58 0.2229 0.1199 

Hydrowind 8.56 8.56 0.1097 0.1097 

Wind 48,113 48,113 0.0571 0.0630 

Solar pv 8,242 8,242 -0.1798 -0.1618 

Solar th 5,085 5,085 0.0873 0.0828 

Other renew 4,601 4,601 0.0762 0.0841 

Cogeneration 25,135 25,135 0.0359 0.0509 

Waste 2,196 2,196 0.1358 0.1505 

GENERATION 246,988 267,945 0.05211 0.05167 

Import_Fr 9,616 9,131 0.0364 0.0360 

Import_Po 16,409 5,811 0.0484 0.0528 

Exports -10,413 -15,089 -0.0525 -0.0501 

PSH_consumption -44 -4,738 - - 

DEMAND B.B. 262,555 263,073 0.05131 0.05123 

 
Table 38: Results split by technology of the Model 2. Annual production and cost of energy are compared with 2015 

results 
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CALLIOPE MODEL [kWh] REAL MODEL [kWh] 

Diesel GT ST Aux_gen 
International 

Exchanges 
Balearic 

connection 
Balearic 

connection 

00:00:00 346,632 22,053 152,943 5 1,932,614 -173,017 -97,199 

01:00:00 342,975 10,716 142,949 6 2,434,862 -189,935 -81,911 

02:00:00 340,748 9,367 140,333 0 2,507,595 -181,368 -74,688 

03:00:00 339,559 8,279 142,192 5 2,435,791 -178,914 -74,868 

04:00:00 338,986 9,382 150,304 0 2,402,133 -185,059 -74,987 

05:00:00 339,919 31,186 178,840 0 2,200,370 -171,258 -82,502 

06:00:00 350,168 74,352 213,824 7 2,190,832 -166,655 -105,441 

07:00:00 350,074 134,835 257,571 167 2,165,386 -137,540 -142,028 

08:00:00 352,482 180,653 292,664 492 2,153,012 -130,769 -169,406 

09:00:00 358,558 206,876 316,389 809 2,047,168 -126,813 -182,138 

10:00:00 364,638 211,328 318,985 860 1,744,383 -125,168 -187,044 

11:00:00 370,483 204,373 317,672 805 1,523,085 -136,977 -187,881 

12:00:00 373,891 200,776 321,689 813 1,337,722 -141,544 -187,587 

13:00:00 366,625 171,898 320,848 652 1,291,719 -153,228 -182,119 

14:00:00 360,007 142,343 302,390 510 1,284,831 -170,764 -174,990 

15:00:00 355,176 131,766 287,527 484 1,331,105 -174,101 -172,945 

16:00:00 356,228 146,421 290,874 614 1,286,124 -171,426 -174,710 

17:00:00 354,197 160,410 308,395 699 1,136,282 -174,289 -184,670 

18:00:00 357,607 195,521 338,192 709 1,318,479 -161,724 -202,765 

19:00:00 370,710 262,476 378,379 1,076 1,527,967 -123,561 -218,993 

20:00:00 365,615 286,519 401,475 1,466 1,802,554 -98,031 -219,402 

21:00:00 361,384 186,371 336,559 674 1,690,153 -107,304 -197,037 

22:00:00 357,037 95,781 249,936 76 1,502,883 -144,766 -162,920 

23:00:00 351,673 63,928 191,704 4 1,526,076 -142,584 -124,404 

 

Table 39: Hourly profiles for less appreciated energy sources depicted in figure 28. Comparison between 2015 
results and Model 2 
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6 Appliance Manufacturing Sector. High-efficient 

Appliances penetration 
 
Nowadays, the most developed countries own reasonably reliable energy statistics in terms of 
energy supply. The explanation of society's energy demand is also reasonably represented in 
some sectors such as industry, but it suffers from significant deficiencies in other sectors, 
commonly referred to as “diffuse sectors", in which there is a high degree of heterogeneity and 
atomization: residential, commerce, services and, to a lesser extent, transport. Aware of this 
situation, the European Commission, through Eurostat and in collaboration with the Member 
States, wants to ensure that statistics on final energy demand are comparable, transparent, 
detailed and flexible. In this context, Eurostat presented to the Member States, at the meeting 
of the Eurostat Working Group on Statistics, the SECH project (Development of detailed 
Statistics on Energy Consumption in Households) whose objective is to develop energy statistics 
in the residential sector using Bottom-Up, measurement and modelling methodologies.  
 
In Spain, the importance of the residential sector and the need for greater knowledge of it led 
the IDEA and Minetur (Industry, Commerce and Tourism Ministery) to present the Spanish 
proposal “SPAHOUSEC Proyect” (Analysis of the Energy Consumption in the Spanish Households) 
to Eurostat within the framework of the SECH project, in 2011. Such report collects, together 
with the rest of the documents associated with the project: telephone survey on equipment and 
energy consumption in the residential sector, face-to-face survey on equipment, consumption 
and energy behaviour in the residential sector and measurements of electricity consumption in 
the residential sector. The total amount surveys rose up to 9,425. The methodology used and 
the results obtained in the determination of aggregate energy consumption, by services, uses, 
climatic zone and type of dwelling for the Spanish case. [22] 
 

6.1 Appliances in 2011  
 
The SPAHOUSEC report has been implemented as the starting point to obtain the appliances 
consumption and share for 2015. Herein we provide the first important data, splitting further 
the residential consumption, like in DESSTINEE (heating, cooling, water and appliances), with a 
higher degree of disaggregation. Contrary to the appliances considered, all the information 
regarding number of units, % houses equipped… it is not necessary for our scope so it has not 
been included.  

 Nº houses: 17,199,630 

 Others: in these entry we gather all electric gadgets and devices (within the appliances 
group) that contribute to the electricity consumption in the Spanish houses. These 
elements are: cooking, TV’s, computers, standby and small appliances (the 
vaccum/hoover, the iron, telephone chargers, consoles, mixers and so on).   

 Mean house electricity consumption [kWh/year]: 3,487. This mean consumption is not 
for a house that would include all the entries appearing on the table. Once we know the 
%contribution of each entry the total annual consumption in GWh, we calculate for 
Heating, Water heating, Cooling, Lighting and Others their annual consumption in 
kWh/year. Thus, it is mandatory to obtain an equivalent mean house electricity 
consumption, such that it would include all the equipment considered in the table 
below, which consumes 4,274 kWh/year. 
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 We can observe how there are two share columns. The one labelled as “% TOTAL 
GWh/year” shows each entry’s share of consumption for a house consuming 3,487 
kWh/year (which corresponds to the percentages reported by IDEA for 2016), while the 
second one, named “% Consumption kWh/year” shows each entry’s share for a house 
which had installed all the equipment and thus consuming 4,274 kWh/year.  

 
  

Nº units 
TOTAL 

[GWh/year] 

TOTAL 

[%] 

Consumption 

[kWh/year] 

Consumption 

[%] 

Fridge 17,325,025 11,469 19.2% 662 15.5% 

Freezer 4,023,695 2,265 3.8% 563 13.2% 

Washing-machine 16,057,870 4,095 6.8% 255 6.0% 

Dishwasher 9,162,623 2,254 3.8% 246 5.8% 

Oven 13,380,791 3,091 5.2% 231 5.4% 

Dryer 4,863,136 1,240 2.1% 255 6.0% 

SUB-TOTAL 64,813,140 24,414 40.8% 2,212 51.8% 

Heating  4,419 7.4% 257 6.0% 

Water heating  4,480 7.5% 260 6.1% 

Cooling  1,400 2.3% 81 1.9% 

Lighting  7,046 11.8% 410 9.6% 

Others  12,545 21.0% 1,053 24.6% 

TOTAL  59,877 100% 4,274 100% 

 
Table 40: Appliances and residential sector electricity demand broken down by end-uses in 2011 

 

 
 

Figure 33: Residential end-use share by device in 2016. Obtained from IDAE 

 
We continue our analysis with the proportion of appliances in accordance with their energy 
efficiency labelling, which is governed by the Directive 2010/30/EC [42] of the European 
Parliament and the Council, on the indication of energy and other resources consumption by 
energy-related products, through labelling and standardised information. Energy-related 
products which have a significant direct or indirect impact on consumption of energy or, where 
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relevant, of essential resources during use and which afford adequate scope for increased 
efficiency should be covered by a delegated act, when provision of information through labelling 
may stimulate end-users to purchase more efficient products. 
 
The new energy labelling regulation came into force on 1 August 2017. The approval of 
Regulation (EU) 2017/1369 of the European Parliament and of the Council establishing a 
framework for energy labelling and repealing Directive 2010/30/EU was published in the Official 
Journal of the European Union (OJUE) on 28 July. This new European regulation modifies the 
classification of the energy labelling of different household appliances. The main objective of 
the regulation has been to remove classes A+, A++ and A+++ from the labelling and to 
restructure the scale of the energy consumption classes in such a way that class “A” becomes 
the most efficient and class G the most inefficient again. In addition, all labelled products must 
be rescheduled before 2030. Therefore, the entry into the market of this new scale of energy 
labelling it's not going to be immediate. In fact, this change will be progressive and will appear 
to measure that revisions arise for each device. 
 
Nevertheless, the case concerning us is dictated by the Directive 2010/30/UE. There is a 
regulation concerning the energy labelling of each household appliance. The energy class arises 
from the Energy Efficiency Index (EEI), which, as a result of several specialized studies, 
determines a fractional consumption (%) based on some variables. For each appliance 
(refrigerator, dishwasher, washing machine, etc.) an annual reference consumption is set in their 
respective regulations, which corresponds to class D. Depending on the percentage of energy 
saving that each type of appliance represents with respect to that reference model, its index is 
established. The following is a list of the regulations affecting each of our recipients of interest 
of the dwelling:  

 Domestic refrigeration appliances (Fridges, Freezers, Frigo-Freezers, Refrigerators-
winery): Delegate Regulation (EU) No. 1060/2010. [38] 

 Domestic washing machines: Delegated Regulation (EU) No. 1061/2010. [39]  

 Domestic dishwashers: Delegated Regulation (EU) No. 1059/2010. [44] 

 Ovens and extractor hoods for domestic use: Delegated Regulation (EU) 65/2014 [41].  

 Domestic tumble driers: Delegated Regulation (EU) No. 392/2012. [40] 
 
In such regulations the label for each appliance is described. In this document have been 
attached the various labels following the same order in which regulations are mentioned. In 
addition to the energy label, a brief description for every additional information printed in the 
label is also added. 
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I. supplier’s name or trade mark;  

II. supplier’s model identifier, where ‘model identifier’ means the 
code, usually alphanumeric, which distinguishes a specific 
household dishwasher model from other models with the same 
trade mark or supplier’s name;  

III. the energy efficiency class determined in accordance with point 
1 of Annex VI; the head of the arrow containing the energy 
efficiency class of the household dishwasher shall be placed at 
the same height as the head of the arrow of the relevant energy 
efficiency class;  

IV. annual energy consumption (AEC) in kWh per year, rounded up 
to the nearest integer and calculated in accordance with point 
1(b) of Annex VII;  

V. annual water consumption (AWC) in litres per year, rounded up 
to the nearest integer and calculated in accordance with point 3 
of Annex VII;  

VI. the drying efficiency class determined in accordance with point 2 
of Annex VI;  

VII. rated capacity in standard place settings, for the standard 
cleaning cycle; VIII. airborne acoustical noise emissions 
expressed in dB(A) re 1 pW and rounded to the nearest integer; 

 

Figure 34: Energy label for fridges and freezers. Obtained from [37] 

 

I. supplier’s name or trade mark;  
II. supplier’s model identifier, meaning the code, usually 

alphanumeric, which distinguishes a specific household washing 
machine model from other models with the same trade mark or 
supplier’s name;  

III. the energy efficiency class determined in accordance with point 
1 of Annex VI; the head of the arrow containing the energy 
efficiency class of the household washing machine shall be placed 
at the same height as the head of the arrow of the relevant 
energy efficiency class;  

IV. weighted annual energy consumption (AEC) in kWh per year, 
rounded up to the nearest integer in accordance with Annex VII; 

V. weighted annual water consumption (AWC), in litres per year, 
rounded up to the nearest integer in accordance with Annex VII; 
VI.  

VI. rated capacity, in kg, for the standard 60 °C cotton programme at 
full load or the standard 40 °C cotton programme at full load, 
whichever is the lower; the spin-drying efficiency class as set out 
in point 2 of Annex VI;  

VII. airborne acoustical noise emissions, during the washing and 
spinning phases, for the standard 60 °C cotton programme at full 
load, expressed in dB(A) re 1 pW, rounded to the nearest integer. 

 
Figure 35: Energy label for washing machines. Obtained from [38] 
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I. supplier’s name or trade mark; 

II. supplier’s model identifier, where ‘model identifier’ means the 
code, usually alphanumeric, which distinguishes a specific 
household dishwasher model from other models with the same 
trade mark or supplier’s name;  

III. the energy efficiency class determined in accordance with point 
1 of Annex VI; the head of the arrow containing the energy 
efficiency class of the household dishwasher shall be placed at 
the same height as the head of the arrow of the relevant energy 
efficiency class; 

IV. annual energy consumption (AEC) in kWh per year, calculated in 
accordance with point 1(b) of Annex VII;  

V. annual water consumption (AWC) in litres per year, calculated in 
accordance with point 3 of Annex VII;  

VI. the drying efficiency class determined in accordance with point 2 
of Annex VI;  

VII. rated capacity in standard place settings, for the standard 
cleaning cycle;  

VIII. airborne acoustical noise emissions expressed in dB(A) re 1 pW 
and rounded to the nearest integer. 

 
Figure 36: Energy label for dish wasthers. Obtained from [43] 

 
 

I. supplier's name or trademark.  
II. supplier’s model identifier, where ‘model identifier’ means the 

code, usually alphanumeric, which distinguishes a specific 
household dishwasher model from other models with the same 
trade mark or supplier’s name;  

III. Domestic oven power source.  
IV. the energy efficiency class of the cavity determined in 

accordance with Annex I; the head of the arrow containing the 
energy efficiency class of the household dishwasher shall be 
placed at the same height as the head of the arrow of the 
relevant energy efficiency class; 

V. the usable volume of the cavity in litres, rounded to the nearest 
integer number.  

VI. energy consumption expressed in kWh/cycle (electricity 
consumption) for the heating function(s) (traditional and, if 
available, forced circulation) of the cavity, assuming a standard 
load determined according to the test procedures, rounded to 
the second decimal place (𝐸𝐶𝑐𝑎𝑣𝑖𝑡𝑦). 

 
 

 
Figure 37: : Energy label for ovens and range hoods. Obtained from [40] 
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I. supplier's name or trademark. 

II. supplier’s model identifier, where ‘model identifier’ means the 
code, usually alphanumeric, which distinguishes a specific 
household dishwasher model from other models with the same 
trade mark or supplier’s name; Domestic oven power source. 

III. the energy efficiency class as defined in point 1 of Annex VI; the 
head of the arrow containing the energy efficiency class of the 
household tumble drier shall be placed at the same height as the 
head of the arrow of the relevant energy efficiency class;  

IV. weighted annual energy consumption (AEC) in kWh/year, 
rounded up to the nearest integer and calculated in accordance 
with Annex VII;  

V. information on the type of household tumble drier;  
VI. cycle time corresponding to the standard cotton programme at 

full load in minutes and rounded to the nearest minute;  
VII. rated capacity, in kg, for the standard cotton programme at full 

load;  
VIII. the sound power level (weighted average value — LWA), during 

the drying phase, for the standard cotton programme at full load, 
expressed in dB, rounded to the nearest integer. 

IX. the condensation efficiency class in accordance with point 2 of 
Annex VI 

 
Figure 38: Energy label for tumble driers. Obtained from [39] 

 
In the case of washing-machines and tumble driers we find another parameter C (Consumption). 
The regulations mentioned above range those appliances until the letter D, although we will find 
afterwards that in Spain, by 2011, there were still appliances labelled with the letter E. If there 
were such cases is because labelling before was governed by Directive 96/60/CE, and instead of 
the EEI, the classification was made according to the consumption C specified in the directive 
(Energy consumption in kWh per kg washed in a normal cotton cycle at 60 °C, according to the 
test methods of the harmonised standards). 
 

 Fridge & Freezer Washing-machine Dishwasher Oven Dryer 

A+++ EEI < 22 EEI < 46 EEI < 50 EEI < 45 EEI < 24 

A++ 22 ≤ EEI ≤ 33 46 ≤ EEI ≤ 52 50 ≤ EEI ≤ 56 45 ≤ EEI ≤ 62 24 ≤ EEI ≤ 32 

A+ 33 ≤ EEI ≤ 44 52 ≤ EEI ≤ 59 56 ≤ EEI ≤ 63 62≤ EEI ≤ 82 32 ≤ EEI ≤ 42 

A 44 ≤ EEI ≤ 55 59 ≤ EEI ≤ 68 63 ≤ EEI ≤ 71 82 ≤ EEI ≤ 107 42 ≤ EEI ≤ 65 

B 55 ≤ EEI ≤ 75 68 ≤ EEI ≤ 77 71 ≤ EEI ≤ 80 107 ≤ EEI ≤ 132 65 ≤ EEI ≤ 76 

C 75 ≤ EEI ≤ 95 77 ≤ EEI ≤ 87 80 ≤ EEI ≤ 90 132 ≤ EEI ≤ 159 76 ≤ EEI ≤ 85 

D 95 ≤ EEI ≤ 110 
EEI ≥ 87 

93 < C ≤ 105 
 EEI ≥ 159 

EEI ≥ 85 
93 < C ≤ 105 

E 110 ≤ EEI ≤ 125 105 < C ≤ 117   105 < C ≤ 117 

F 125 ≤ EEI ≤ 150 117 < C ≤ 129   117 < C ≤ 129 

G EEI ≥ 150 C >129 EEI ≥ 90  C >129 

 
Table 41: EEI by appliance and energy efficiency 

The penetration of efficient household appliances in those households that are aware of their 
label (44%), depending on the type of energy label, differs according to the equipment, although 
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for refrigerators, washing machines, dishwashers and washer-dryers exceeds 50%. In general, 
the best-known energy class is Class A, with an average national penetration of around 40% in 
all equipment. However, overall, considering the most efficient classes (A, A+ and A++) the most 
efficient equipment in households are refrigerators, washing machines and dishwashers.  
 
We must highlight that a pseudo mix has been considered for ovens, since there are not 
efficiencies of A++ despite we find that 10% of Spanish people ensure that their oven has such 
energy label. It has been impossible to find in the market ovens labelled as A++ or A+++ within 
the main manufacturers (Balay, Bosch, Siemens, Smeg, Miele, Electrolux…). Therefore, we have 
removed such date and recalculate the new share of oven efficiency distribution over 100-11 = 
89%. 
 

MIX A++ A+ A B C D E 

Fridge 20% 28% 42% 6% 2% 1% 1% 

Freezer 10% 30% 38% 12% 7% 1% 2% 

Washing-machine 18% 31% 41% 6% 2% 1% 1% 

Dish-washer 21% 28% 45% 5% 1% 0% 0% 

Oven 11% 24% 49% 10% 5% 1% 0% 

Oven* 0% 27% 55% 11% 6% 1%  

Dryer 10% 22% 38% 16% 11% 1.5% 1.5% 

 
Table 42: share of appliances by energy efficiency in 2011 

 
In order to attribute a mean annual consumption for the appliances fleet, we have assigned, for 
each appliance and each label, a mean consumption by consulting and checking catalogues [26]. 
The next table shows the average EEI used for calculations and the following one states the 
annual consumptions chosen for each case. In this way, we have been able to work out a mean 
kWh consumption and a representative label for each sort of appliance.  
 
IEE A++ A+ A B C D E 

Fridge 25% 38% 48% 65% 85% 100% 115% 

Freezer 25% 38% 48% 65% 85% 100% 115% 

Washing-machine 50% 55% 65% 73% 83% 100% 110% 

Dish-washer 53% 60% 67% 75% 85% - - 

Oven 53% 72% 95% 120% 145% 160% - 

Dryer 28% 38% 54% 70% 80% 100% 110% 

 
 
kWh A++ A+ A B C D E 

Fridge 260 390 494 676 884 1040 1196 

Freezer 160 240 304 416 544 640 736 

Washing-machine 190 209 247 276 314 380 418 

Dish-washer 262 297 331 371 420 - - 

Oven - 133 193 244 295 326 - 

Dryer 212 284 405 530 606 757 833 

 
Table 43: estimated average EEI and mean annual consumption by appiance in 2011 
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Proceeding with the calculus, throughout a weighted average, we obtain for each appliance its 
“mean appliance” for 2011. The mean appliance label gives an idea of the appliances’ mean 
efficiency and of how concern were Spanish people about penetration of less-consuming 
devices.  
 

 
Consumption 
[kWh/year] 

Mean appliance 
[kWh/year] 

Mean appliance 
Label 

Real/Mean 
Ratio 

Fridge 662 449 A+ 1.5 

Freezer 563 313 A 1.8 

Washing-machine 255 231 A 1.1 

Dishwasher 246 310 A 0.8 

Oven 231 190 A 1.2 

Dryer 255 413 A 0.6 

 
Table 44: real consumption and labelled consumption comparison data 

 
We expected to obtain the same results as the consumptions reported in table 1, although the 
results have been different in most of the cases. The explanation lies on the efficiency and 
consumption methods. When we state that an appliance has both a certain energy label and an 
annual consumption in its datasheet, it is always under normalised testing conditions specified 
in the abovementioned Delegated Regulations. In fact, the notes we find in datasheets for the 
annual consumption entry state the following, depending on the case: 

 Fridge: energy consumption over 365 days is based on EN 153 of 2006 and EN: ISO 15502 
of 2005. The indications refer to 230 V and 50 Hz. The standardised consumption data 
allow comparison between the different devices. Values 

 Freezer: energy consumption over 365 days is based on EN 153 of 2006 and EN: ISO 
15502 of 2005. The indications refer to 230 V and 50 Hz. The standardised consumption 
data allow comparison between the different devices. Values in practice may vary from 
standardised data. Energy consumption according to the results obtained in the 
standard 24-hour test. The actual energy consumption depends on the conditions of use 
of the device and its location. 

 Washing-machine: annual energy consumption based on 220 normal washing cycles for 
the cotton programs at 60ºC and 40ºC with full load and partial load, and consumption 
of low consumption modes. Actual energy consumption depends on how it is used. 

 Dish-washer: energy consumption based on 280 cycles of normal washing, using cold 
water and consumption of low consumption modes. The actual energy consumption 
depends on the conditions of use of the appliance. 

 Oven: measurement in accordance with European Standard EN 50304/EN 60350 (2009). 

 Tumble driers: weighted energy consumption, based on 160 drying cycles of the normal 
cotton program at full load and partial load, and consumption of low consumption 
modes. Actual energy consumption per cycle depends on how the device is used. 

 
The difference abovementioned has been expressed by the “Real/Mean ratio”. This parameter 
demonstrates the relation between real and theoretical consumption, i.e. how far we are from 
the consumption that manufacturers put in datasheets. The greatest difference is found in 
freezers whose real electricity consumption use is almost twice than expected. This could be 
explained because of the habits we have when using such appliances: leaving the door opened 
many time, introducing foodstuff at a relatively high ambient temperature or many other 
reasons. On the contrary, Spanish households consume almost the half of the theoretical 
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electricity demanded by tumble driers. If we check what the tests state, the annual consumption 
provided by the manufacturer considers 180 annual cycles (every two days a Spanish person 
would turn on the drier). In Spain there is not the same necessity of using this appliance because 
of the characteristic hot weather and warmer climate in comparison to other European 
countries. Hereinafter, this factor will be of utility when we introducing high-efficient appliances 
substituting 2015’s appliances fleet.  
 

6.2 Appliances in 2015  
 
Now we need to calculate the share of the appliances of interest and their consumption to 
proceed with the input-output analysis. What we first do is to forecast the number of units in 
2015. For this purpose, we lean on the sales report provided by ANFEL from 2012 until 2015.  
 
After the hard years of adjustment that the sector suffered, the sale of household appliances 
seems to have resumed the path of growth. According to data from the National Association of 
Manufacturers and Importers of Household Appliances (ANFEL), 2015 marked the return of the 
market to positive values, after 8 consecutive years of closing in red. Thus, last year, 6.4 million 
units were sold - including the cooking ranges: worktops, ovens, hoods and cookers - 644,969 
more than in 2014, an increase of 11.2%. These sales can be translated into 14.18% of increase 
in the total turnover of this family.  
 
If we focus only on the products we are talking about in this report, that is, excluding the cooking 
family, 4.1 million units were distributed; this is 12.6% more than in 2014.  
 
Of note was the upturn in the marketing of side-by-side refrigerators (+27 year-on-year), upright 
freezers (+7.72%), driers (+7.54%) and dishwashers (+7.31%). On the opposite side, there was a 
contraction in the sale of horizontal freezers (-11.86%), top load washers (-9.22%) and 2-door 
refrigerators (-6.37%). For instance, the most demanded washing machine profile was the free-
standing energy classification A++. The product manager of Miele combi most requested was 
the A++. From Samsung, sellers agreed that “the highest demand has been for refrigerators ‘no 
frost' and energy certification A++. Finally, in Electrolux commented that “the dishwasher 
models labelled with A++ were the most demanded by the market".  
 
In order to calculate the number of new units in 2015, we have supposed that have of the total 
sales have been used to substitute appliances that will be still in use (people usually bring them 
to second houses, or sell them in the market as second-hand appliances), and the other half of 
appliances have been intended for newly-built houses or substitution. Then, we add the nº units 
in 2011 the half of the cumulated sales in 2015. 
 

 2012 2013 2014 2015 cumulated sales Nº units 

Fridge 1,079,100 968,300 1,231,200 1,457,200 4,735,800 19,692,925 

Freezer 165,300 129,500 151,300 161,400 607,500 4,327,445 

Washing-machine 1,345,900 1,296,000 1,513,500 1,647,300 5,802,700 18,959,220 

Dish-washer 545,600 507,600 575,900 639,100 2,268,200 10,296,723 

Oven 528,300 509,800 554,300 616,900 2,209,300 14,485,441 

Dryer 165,800 156900 171200 191,000 684,900 5,205,586 

TOTAL 3,832,224 3,570,397 4,199,819 4,715,445 16,317,885 72,967,340 

 
Table 45: number of purchased units from 2012 until 2015 by sort of appliance 
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For the analysis we will also take into consideration the same information available for 2011 
even though updated to 2015. 

 Mean house electricity consumption [kWh/year]: 3,875 obtained from IEA data and the 
number of houses. On the other hand, to calculate the different consumptions for a 
house which were full-equipped (heating, water heating, cooling, appliances and 
lighting) the percentages gathered for and implemented in DESSTINEE have been used. 

 The electricity household diagram with percentages per each final end use in the 
residential sector [figure 2], was both the share for 2011 and the one forecasted for 
2016 by IDAE. Bearing in mind that we have IEA data for the residential sector, we can 
improve the electric consumption mix by updating the percentages for the other entries 
(fridges, freezers, others, etc). What has been done is to redistribute the same 
proportions provided in the diagram but for 78.32% instead of the 86% for 2011. 

 Nº houses: 18,346,200 [30] 
 

 
Appliances 
+ lighting 

Heating 
Water 

heating 
Cooling 

Residential 
Sector 

KWh/home 3,034.77 489.38 94.84 255.81 3,875 

GWh 2015 55,677 8,978 1,740 4,693 71,088 

% GWh 2015 78.32 12.63 6.6 2.45 100 

% GWh 2011 86.00 6.01 6.09 1.90 100 

 
Table 46: end-use shares and annual electricity consumptions in 2011 and 2015 for the residential sector 

 

We can realise how appliances and lighting consumption have increased. It is also worth 
mentioning that Spanish people biased for space and water heating (mainly heating pumps) and 
the installation of AC systems in the houses. Nonetheless, the annual demand coming from our 
appliances of interest was increased by 3,000 GWh compared to 2011. 
 

 Nº units 
Consumption 

Updated [%] 

TOTAL 

[GWh/year] 

Consumption 

Updated 

[kWh/y] 

Mean 

Appliance 

[kWh/y] 

Mean 

appliance 

label 

Fridge 19,692,925 17.0 12,120 615 418 A+ 

Freezer 4,327,445 3.4 2,394 553 307 A 

Washing-machine 18,959,220 6.1 4,327 228 207 A+ 

Dishwasher 10,296,723 3.4 2,382 231 291 A 

Oven 14,485,441 4.6 3,266 226 186 A 

Tumble drier 5,205,586 1.8 1,311 252 408 A 

SUB-TOTAL 72,967,340 36.3 25,801 2,106 1,816  

Heating  12.6 8,978 489   

Water heating  6.6 4,692 256   

Cooling  2.5 1,742 95   

Lighting  11.8 8,365 456   

Others  30.3 21,510 1,172   

TOTAL  100 71,088 4,574    

 
Table 47: Appliances and residential sector electricity demand broken down by end-uses in 2015 
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Continuing with the analysis for 2015, once known the annual consumption for each entry we 
can calculate the “mean appliance” consumption and energy label. For this calculus we will use 
the ratio “Real/mean” because we will consider that Spanish households still have the same 
customs and habits when using appliances, so we can better reproduce their behaviour. 
 

6.2.1 High-efficiency appliances in 2015  
 
We have seen that there was no significant improvement in electricity consumption for the 
residential sector. Indeed, all the entries assessed suffered an increment with respect to 2011 
but fridges, washing-machines and tumble driers. In this section we will demonstrate how would 
change the Spanish paradigm if there were very efficient appliances. There is an exception for 
ovens as we have already explained. Manufacturers do not produce ovens labelled as A++ or 
A+++ because, economically, they are not profitable. Bearing in mind that the weighted-mean 
voluntary price for the small consumer (PVPC) in 2015 was 0.1974 €/kWh, for an A+++ oven we 
would save 293 kWh per year and 57.83 €, while using an A++ one the savings would result in 
53 € annually. Comparing prices for ovens, the minimum prices are around 800 €, and 
considering a mean lifetime of 12 years, the purchase price does not outweigh electricity savings 
(especially nowadays since ovens are employed less and less in kitchens). 
 
Regarding high-efficiency appliances, we have based our choice on fairly simple criteria: 

 Price: the lowest available. For the same model is easy to find different types of 
appliance when adding extras or even delicate surface finishes, with very high quality 
materials that can even double the price. We opt for this criterion because, if fabricated, 
there would exist economies of scale that could cheapen the acquisition of the 
appliances. 

 Consumption: we have chosen appliances without an extremely low consumption to be 
conservative with our study and provide real bounds and results. 

 
We have chosen the brand BOSCH as the reference manufacturer since it is, on the one hand, a 
major producer of appliances in Spain and, on the other, it belongs to a wide group named “BSH-
group” integrated by other well-known brands: Siemens, NEFF and Gaggenau. There catalogue 
for 2015 is available online where it is possible to access to all the information we provide below 
[catalogo bosch]. Exceptionally, the freezer selected belong to the brand Liebherr [enlace] 
because it has not been possible to find freezers with capacities under 200 liters. We have 
supposed that freezers located in the households own a total capacity of 100 liters because, 
normally, fridges are endowed with a freezing compartment (the so called Combis).  
 
In the case of ovens, the consumption provided by the manufacturer in the datasheet is 
according to the duty cycle and the working mode. Given that an annual mean consumption 
must be defined, we have supposed an average usage of 182 times a year (1 of 2 days) and the 
multifunctional option to consider the most unfavourable case. Thus the annual consumption 
should be 133kWh. 

 Conventional cycle: 0.61 kWh/cycle. 

 Multifunctional cycle: 0.73 kWh/cycle. 
 
 
 
 

https://calliope.readthedocs.io/en/stable/user/introduction.html#energy-system-models
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 Nº Units Model  Price [€] 
Labelled consumption 

[kWh/year] 

Consumption 

[kWh/year] 

Fridge 19,692,925 KGE39BW40 1020 156 230 

Freezer 4,327,445 GP1486 619 100 180 

Washing-machine 18,959,220 WAE24467ES 540 165 182 

Dishwasher 10,296,723 SMS69N72EU 1045 237 188 

Oven 14,485,441 CBG633NS1 705 133* 162 

Tumble drier 5,205,586 WTW87640ES 845 177 109 

SUB-TOTAL 72,967,340   968.2 1,051 

Heating   489 

Water heating  256 

Cooling  95 

Lighting  456 

Others  1,172 

TOTAL  3,520 

 
Table 48: high efficient appliances data for modelling scenarios 3.1 and 3.2. 

 

6.3 Model 3.1: Scrappage plan potential 
 

6.3.1 Description  
 
In this first model we will analyse the potential of our proposal. It is important to understand and 
be acknowledged of our measure’s bounds and its scope. Henceforth, in order to conduct such 
analysis every existing and operating appliance in every Spanish house will be removed by its 
corresponding high-efficient substitute. 
 
In spite of the total investment necessary is considerably high, it is striking that we would move 
from a consumption of 25,801 GWh in 2015 to 13,610, which is equal to almost the half of the 
annual electricity demand for these appliances (47.25%). Moreover, this scrappage plan would 
save, in a house provided with only electric devices for heating and cooling, up to 1054 kWh 
annually, equivalent to 127.37 €.   
 

 Nº Units Price € 
TOTAL 

Investment [M€] 
Consumption 
[kWh/year] 

TOTAL Consumption 
[GWh/year] 

Fridge 19,692,925 1,020 20,087 230 4,527 

Freezer 4,327,445 619 2,679 180 779 

Washing-machine 18,959,220 540 10,238 182 3,453 

Dish-washer 10,296,723 1,045 10,760 188 1,937 

Oven* 14,485,441 705 10,212 162 2,344 

Tumble Drier 5,205,586 845 4,399 109 569 

TOTAL 72,967,340 4,774 58,374 1,051 13,610 

 
Table 49: high efficient appliances data and annual consumption in Model 3.1. 
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6.3.2 Demand modelling: DESSTINEE 
 
With the new appliances we have altered electricity consumption distribution in the residential 
sector. Hence, the new share and the total final consumption must be recalculated with the data 
provided in (table anterior) as well as heating, water heating and cooling demands, which remain 
unaltered.  
 
We need to modify the input data requested in DESSTINEE in the first book, Module 1, because 
the whole “appliances & lighting” shape will vary (named as “power” in DESSTINEE’s outputs). 
This happens because, contrary to the fridge and the freezer, the appliances are switched on 
during certain duty cycles (fridges as well as freezers demand electricity 24/7, even though they 
undergo consumption peaks when are opened because of thermal losses).  
 
Therefore, the whole appliances profile will change with the modification implemented. In fact, 
the picture below depicts the residential sector consumption in 2015 (dotted green line) and the 
various residential demands by end use with the appliances refurbishment (the cumulated 
diagrams result in the total, new residential mean demand). We observe how greater 
differences take place during peak hours rather than less demanding periods, because during 
the former hours the familiar activity in the houses is greater (people get home after job, start 
preparing the dinner and spend time with their family).  
 
 

 
 

Figure 39: cumulated new residential demand, modified by the lower high-efficient appliances consumption, and 
the initial residential demand (green line) in the Model 3.1 

 
With the new residential sector curve we can obtain the mean profile for the TFC (dotted-orange 
line). If we compare it to the real TFC (dotted-black line) we observe that all the points but 3 lie 
above the new mean TFC curve. Those exceptional values overlap the new points (at 5, 6 and 7 
a.m.) because of the normalised profile depicted in figure 15: the smaller are the values, the less 
absolute value will be obtained. The opposite can be deduced for the greater normalised values 
that appear in such profiles. 
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Figure 40: resulting cumulated electricity TFC in Model 3.1 (orange dots) versus the initial TFC (balck dots) 

 

As we explained in the DESSTINEE chapter, the tool provides the hourly profiles for each end-
use sector and the total losses. In order to obtain the transmission and distribution losses, we 
have recalculated them proportionally, by using the fractional reduction per hour. Hence, in 
terms of Spanish total electricity demand b.b., we have reduced it by 12,191.15 GWh, i.e. 4.63%.  
 
If we now consider the final energy consumption in the residential sector including also fossil 
fuels (mainly gas and coal, and also part of biomass), the share changes too. In fact, the other 
final-end uses gain importance, mainly the space heating with almost 50% of the residential 
demand in 2015. 
 

Sub-Sector 
Appliances & 

lighting 
Space Heating Water heating Cooling Residential Sector   

Electricity new [GWh] 43,485 8,978 4,692 1,742 58,897 

Electricity new % 73.83 15.24 7.97 2.96 100 

Energy new [GWh] 43,485 75,460 39,445 1,742 159,482 

Energy new % 27.27 47.32 24.73 1.09 100 

 
Table 50: end-use shares and annual consumptions for energy and electricity in Model 3.1 

 

6.3.3 Energy Mix and Generation Cost: CALLIOPE Results  
 
Once the new final electricity demand has been obtained, the next step performed is, simply, to 
run the new demand in the software CALLIOPE. Another important assumption that has been 
taken regards electricity demand in the different Spanish territories because DESSTINEE 
provides the aggregated demand for the country. The simplest and reasonable option has been 
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to distribute the reduction according to each zone’s participation to the final demand. For 
example, the peninsular profile reduction is more pronounced than Ceuta’s or Melilla’s because 
the contribution of the former to the Spanish demand is greater.  
The potential of the scrappage plan leads into a mean dairy market price of 0.04881 €/kWh, 
5.53% less than the real dairy market price. It is necessary to evaluate the generation mix and 
the production costs to better understand the reduction achieved in comparison to the real 
value.  
 
Regarding total production, we firstly present the aggregated results for the whole country.  
Following the same conclusions to the 2nd model (Spanish calibration), the electricity produced 
within the borders is lower than the demand b.b. In the following the table the levelised cost of 
electricity produced and the annual generation by technology are provided.  

 Fossil fuel technologies present lower production but nuclear power plants. The most 
drastic reductions are observed in coal fired plants (1,340 GWh less with respect to 
Spanish model) the steam turbine (more than 230 GWh). This is advantageous not only 
for the energy cost but also for the CO2 equivalent emissions, as we will observe after 
in the Input-Output section. 

 PSH plants have furthered reduced their production in comparison to model 2 (4 GWh) 
because it is dispensable and very expensive (the less is used the more expensive will 
be, so CALLIOPE perceives it more as a cost rather than a production technology, trying 
to avoid it as much as possible). 

 The difference between this generation and the one obtained for the Spanish calibration 
is lower than 2 GWh. However, the main difference between both models lies in the 
exports: with high efficient appliances Spain would export 7,000 GWh more in 
comparison to the Spanish model and almost 2,500 GWh if we compare them to 2015’s 
exports. Clearly the software takes advantage of the possible profits of exporting and 
seizes the transmission lines capacity as far as possible. Moreover, since the exports 
price are provided hour-by-hour, the tool optimizes the price of the kWh sold, 
something that in the real market could not happen. 

 Finally, although it does not appear in the Spanish balance, through the Balearic 
connection have flown 1,309 GWh, i.e. 28 GWh less than the electricity carried out from 
the Peninsula in 2015.   
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Technology 
Annual production [GWh] LCOE [€/kWh] 

CALLIOPE Real CALLIOPE Real 

Hydro_ror 5,461 5,461 0.0571 0.0616 

Hydro_dam 20,594 20,703 0.0437 0.0435 

Hydro_PSH 40 5,121 4.4154 0.1056 

Nuclear 54,654 54,662 0.0332 0.0332 

Diesel 3,061 3,346 0.1995 0.1988 

GT 933 914 0.1207 0.1220 

ST 2,088 2,225 0.0634 0.0620 

Coal 37,753 52,941 0.0694 0.0621 

CC 26,851 29,179 0.0815 0.0761 

Aux_Gen 3 10.58 0.3105 0.1199 

Hydrowind 8.56 8.56 0.1097 0.1097 

Wind 48,113 48,113 0.0530 0.0630 

Solar pv 8,242 8,242 -0.1846 -0.1618 

Solar th 5,085 5,085 0.0794 0.0828 

Other renew 4,601 4,601 0.0825 0.0841 

Cogeneration 25,135 25,135 0.0464 0.0509 

Waste 2,196 2,196 0.1348 0.1505 

GENERATION 244,819 267,945 0.0537 0.05167 

Import_Fr 9,434 9,131 0.0362 0.0360 

Import_Po 13,650 5,811 0.0478 0.0528 

Exports -17,499 -15,089 -0.0526 -0.0501 

PSH_consumption -45 -4,738 -0.0715 -0.0715 

DEMAND B.B. 250,359 263,073 0.04881 0.05123 

 
Table 51: Results split by technology of the Model 3.1. Annual production and cost of energy are compared with 

2015 results 

 
Since we are dealing with 8760 values per source and there are 25 technologies (considering 
national production, international imports and final demands), we will picture the mean profile 
for the most beneficial case, i.e. total appliances substitution. 
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Figure 41: Mean demand profil split by electricity generation sources in Model 3.1 

 
Similar to the Spanish model, in the profile there are technologies which are invaluable because 
of the axis scales, so for these technologies we provide the mean profiles in the table attached 
afterwards the Spanish Mix picture.  

 While diesel generators produce electricity at an almost constant level, gas and steam 
turbines in the non-peninsular systems are more active when the demand is higher. A 
very striking result is that steam and gas turbines have reduced their activity during 
valley hours if we analyse and compare the mean profiles. 

 Similar to the turbines behaviour, auxiliary generation produce less energy when high 
efficient appliances are introduced in the final demand. The profile follows the same 
shape (meeting demand during peak hours) although with much lower values: the 
maximum demand takes place also at 8:00 p.m. but we have moved from a mean value 
of 1,466 GWh to 879 GWh. 

 The electricity flowing through the Balearic link follows the same tendency as in reality, 
obtaining the lowest values during the night. 

 To conclude, international imports and exports net balance profile has been shifted 
downwards since Spain assumes an exporter role (in fact, we observe negative values 
during some hours that in the calibration model did not take place), despite obtaining 
an importer balance at the end of the year.  
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CALLIOPE MODEL [kWh] REAL MODEL [kWh] 

Diesel GT ST Aux_gen 
International 

Exchanges 
Balearic 

connection 
Balearic 

connection 

00:00:00 345,072 19,379 136,247 24 1,284,091 -177,445 -97,199 

01:00:00 341,673 9,733 131,626 0 1,871,654 -194,572 -81,911 

02:00:00 339,613 8,893 131,528 0 2,033,021 -183,074 -74,688 

03:00:00 338,419 8,058 133,043 0 1,959,867 -177,416 -74,868 

04:00:00 337,688 8,880 137,482 0 1,780,744 -183,060 -74,987 

05:00:00 337,777 24,180 162,265 0 1,421,099 -170,409 -82,502 

06:00:00 342,862 58,544 195,319 0 1,254,624 -165,493 -105,441 

07:00:00 343,324 107,023 238,964 86 1,143,710 -140,005 -142,028 

08:00:00 346,202 148,527 268,654 285 1,006,354 -130,356 -169,406 

09:00:00 350,994 172,850 293,088 515 848,642 -123,054 -182,138 

10:00:00 354,674 177,820 297,588 537 522,083 -120,489 -187,044 

11:00:00 358,561 173,518 297,205 633 288,246 -128,646 -187,881 

12:00:00 360,846 170,524 301,510 640 107,971 -133,395 -187,587 

13:00:00 357,430 140,710 296,747 448 86,268 -146,432 -182,119 

14:00:00 353,754 112,587 277,105 349 118,561 -168,817 -174,990 

15:00:00 350,441 103,446 256,558 319 105,034 -175,424 -172,945 

16:00:00 349,639 116,749 254,170 407 -138,202 -172,327 -174,710 

17:00:00 349,450 124,877 262,277 490 -525,411 -164,977 -184,670 

18:00:00 351,355 147,459 290,755 522 -493,570 -152,495 -202,765 

19:00:00 355,136 202,200 343,391 658 -378,165 -112,567 -218,993 

20:00:00 358,303 222,826 368,751 879 -20,093 -84,333 -219,402 

21:00:00 358,227 159,252 281,032 356 137,659 -98,445 -197,037 

22:00:00 354,397 82,183 203,274 0 264,570 -142,070 -162,920 

23:00:00 349,653 56,630 162,400 0 621,306 -142,218 -124,404 

 
Table 52: Hourly profiles for less appreciated energy sources depicted in figure 28. Comparison between 2015 

results and Model 3.1 

 
We can therefore estimate both the annual real consumption and the resulting savings that 
would be reached with such appliances. To deliver these outcomes, the mean/real ratio has 
been taken into consideration so as to better recreate the Spanish households’ consumption 
tendencies in 2015. Furthermore, it has been considered a mean lifetime for every appliance of 
12 years according to studies made by the OCU (Consumers and Users Organization) and surveys 
available in various news for 2015. An important outline that must be underlined is that the 
savings and consumption comparison between high and less efficient appliances have been 
calculated for a house which hypothetically would replace all the units, that is to say, 
implementing the real PVPC. 
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Standard appliances Efficient appliances Economic Savings 

 
Consumption 
[kWh/year] 

Electricity cost 
[€/year] 

Consumption 
[kWh/year] 

Electricity cost 
[€/year] 

Annually 
 [€/year] 

Total  
[€] 

Fridge 639 126.14 230 45.40 80.74 968.84 

Freezer 575 113.51 180 35.53 77.97 935.68 

Washing-machine 237 46.78 182 35.93 10.86 130.28 

Dish-washer 240 47.38 188 37.11 10.26 123.18 

Oven* 234 46.19 162 31.98 14.21 170.55 

Dryer 262 51.72 109 21.52 30.20 362.43 

TOTAL 2,187 431.71 1,051 207.47 224.25 2,690.96 

 
Table 53: electricity and economic mean savings in Model 3.1 by sort of appliance 

 
We observe that only for freezers and fridges, in second place, is worth substituting an appliance 
with an efficiency label A+, A respectively for an A+++ model. Nevertheless, the comparison must 
be also done for less efficient appliances, i.e. for those that the scrappage plan should be 
addressed and more focus on.  
 
 

 Label Fridge Freezer Washing-machine Dish-washer Oven* Dryer 

Consumption  
[kWh/year] 

B 676 416 276 371 244 530 

C 884 544 314 420 295 606 

D 1040 640 380 - 326 757 

E 1196 736 418 - - 833 

Annual savings 
[€/year] 

B 88.04 46.59 18.56 36.12 16.19 83.11 

C 129.10 71.85 26.06 45.80 26.25 98.11 

D 159.89 90.80 39.09 - 32.37 127.92 

E 190.69 109.75 46.59 - - 142.92 

Total savings 
[€] 

B 1,056.48 559.04 222.67 433.49 194.24 997.26 

C 1,549.20 862.24 312.68 549.56 315.05 1,177.29 

D 1,918.73 1,089.65 469.02 - 388.48 1,534.98 

E 2,288.26 1,317.05 559.04 - - 1,715.01 

 
Table 54: electricity and economic savings in Model 3.1 by sort of appiance and energy efficiency 

 
If the scrappage plan succeeded, the PVPC would be reduced and, therefore, the electricity cost 
[€] for efficient appliances in table 54 would be further minimised and the savings incremented 
even more.  Following this idea, two electricity prices must be considered in our calculus:  

1. The average PVPC in 2015: 0.1974 €/kWh [14]. 
2. The average PVPC in the 2 models. Given that the dairy market price will be lowered, a 

few PVPC components will therefore change as we already explained in the section 
5.1.1. These components are: 𝑃𝑀𝐷ℎ, 𝑃𝑆𝐴ℎand 𝐿𝑜𝑠𝑠𝑒𝑠ℎ. The system operator’s 
adjustment services are proportional to the dairy market price (€/MWh) if we analyse 
the time series for different years. Thus, taking the value from [table calliope/table of 
PMD] we can recalculate the new 𝑃𝑀𝐷ℎ, the billing for energy cost once we add the 
term regarding losses and finally the PVPC.  
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Given that the energy generation cost has been reduced from 0.05123 to 0.04881 €/kWh, we 
can then recalculate the new PVPC considering the different changing components:  
 
 
 
 
 
 
 
 

Table 55: disaggregation of PVPC parts with a resulting reduction from the implementation of Model 3.1 

 
Finally, we can calculate in this model the savings obtained in the electricity bill by appliance, as 
increments of the different parts explained in section 5.1.1. Besides the PVPC and the 
consumptions, the data provided in table 56 as well as other magnitudes have been used in this 
process: 

 Access-to-energy toll: 0.044027 €/kWh 

 Electricity (Excise) Tax: 5.11269632% 

 VAT: 21% 
 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑠𝑎𝑣𝑖𝑛𝑔𝑠[€/ℎ𝑜𝑢𝑠𝑒] = (∆𝑐𝑜𝑠𝑡𝑒𝑛𝑒𝑟𝑔𝑦 + ∆𝑡𝑜𝑙𝑙𝑒𝑛𝑒𝑟𝑔𝑦) ∗ (1 + 𝑡𝑎𝑥𝑒𝑛𝑒𝑟𝑔𝑦) ∗ (1 + 𝑉𝐴𝑇) 
 

      ∆𝑐𝑜𝑠𝑡𝑒𝑛𝑒𝑟𝑔𝑦 = (𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛2015 ∗ 𝑃𝑉𝑃𝐶2015 − 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑚𝑜𝑑𝑒𝑙 ∗ 𝑃𝑉𝑃𝐶𝑚𝑜𝑑𝑒𝑙) 

 
      ∆𝑡𝑜𝑙𝑙𝑒𝑛𝑒𝑟𝑔𝑦 = (𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛2015 − 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑚𝑜𝑑𝑒𝑙) ∗ 0.044027 

 

 

Table 56: disaggregation of electricity components (taxes included) with a resulting reduction and the consequent 
annual savings from the implementation of Model 3.1 

The maximum savings that could be achieved in a year would be more than 4 billion€ in the 

Spanish territory and 350 € per house. Considering a lifetime of 12 years, the total savings that 

could be reached would be 48.9 billion€ in Spain and almost 4,200 €. 

 

 

 Real price [€/MWh] Model price [€/MWh] 

𝑃𝑀𝐷ℎ  51.28 48.81 

𝑃𝑆𝐴ℎ  1.14 1.08 

𝐿𝑜𝑠𝑠𝑒𝑠ℎ  10.46 10.03 

PVPC 197.4 194.45 

∆𝑐𝑜𝑠𝑡𝑒𝑛𝑒𝑟𝑔𝑦  

[€/year/house] 

∆𝑡𝑜𝑙𝑙𝑒𝑛𝑒𝑟𝑔𝑦  

[€/year/house] 

Annual savings 
[€/year/house] 

Nº units 
Savings 

[M€/year] 

Fridge 81.42 18.01 126.45 19,692,925 2,490.20 

Freezer 78.50 17.39 121.96 4,327,445 527.82 

Washing-machine 11.39 2.42 17.57 18,959,220 333.14 

Dishwasher 10.22 2.29 15.91 10,296,723 163.78 

Oven 14.10 3.17 21.97 14,485,441 318.23 

Tumble drier 29.87 6.74 46.55 5,205,586 242.34 

TOTAL 225.50 50.01 350.42 72,967,340 4,075.49 
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6.4 Model 3.2: Fridges and Freezers penetration 
 

6.4.1 Description  
 
In this second model we will analyse apart how would change just the substitution of fridges and 
freezers. Two main reasons lie beneath our proposal: 

 These appliances have constant demand along the day, so its electricity demand is 
mainly met by non-renewable or carbon-emitter technologies. In the picture below the 
tendency for 2011 is depicted, even though we consider that households’ behaviour 
remains unchanged. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 42: frige and freezer mean dairy demand profile in 2011, obtained from [22] 

 

 They have higher electricity consumption, so cooling-aimed appliances are the most 
worth substituting. 

 
Once again, the total investment necessary is rather high (although 35,000M€ cheaper), it is also 
striking that we would move from a consumption of 25,801 GWh in 2015 to 16,592 GWh. Moreover, 
this scrappage plan would save, in a house provided with only electric devices for heating and 
cooling, up to 804 kWh annually, equivalent to almost 158.71€.   
 

 Nº Units Price € 
TOTAL 

Investment [M€] 
Consumption 
[kWh/year] 

TOTAL Consumption 
[GWh/year] 

Fridge 19,692,925 1,020 20,087 230 4,527 

Freezer 4,327,445 619 2,679 180 779 

TOTAL 24,020,370 1,639 22,766 410 5,306 

 
Table 57: high efficient appliances data and annual consumption in Model 3.2 

 
The annual real consumption and the resulting savings that would be reached with fridges and 
freezers, considering the mean PVPC of 0.1974 €/kWh and thus the substitution of these apparatus 
in one single house, are collected in table 54 and in table 55. Once again, the savings provided are 
conservative because if the renovation took place at a country level, the new PVPC will be lower 
and the savings greater, due to the energy price reduction.   
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6.4.2 Demand modelling: DESSTINEE 
 
With the new appliances aimed to food preservation, the electricity consumption distribution in 
the residential sector has been modified. Hence, the new share and the total final consumption 
must be recalculated with the data provided in (table anterior) as well as heating, water heating 
and cooling demands. 
 
The “appliances & lighting” demand’s shape has not been changed. Taking into consideration 
the flat consumption profile for freezers and fridges given in figure 41, the appliances profile 
must be modelled by subtracting the proportional amount that corresponds for each hour (in 
other words, we shift the appliances curve downwards). The energy savings result in 9,209 GWh 
and, therefore, in 1.0512 GWh/hour, so every point of the curve has been shifted down by 
1.0512 GWh. Then, we build the new residential demand profile by adding the new appliances 
curve and finally the Spanish TFC, resulting in 226,841 GWh (almost 3,000 GWh more with 
respect to the model 3.1). 
 
 

 
 
 

Figure 43: cumulated new residential demand, modified by the lower high-efficient appliances consumption, and 
the initial residential demand (green line) in the Model 3.2 

 
Contrary to the first model with high efficiency appliances, we observe in the second graph that 
the difference between the cumulated new residential demand and 2015’s curve is constant, as 
we have already exposed. In order to show differences between appliances and residential 
profiles we also provide the mean values for the 24 hours of a day. 
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Appliances & lighting  [GWh] Residential [GWh] 

 Real Model 3.1 Model 3.2 Real Model 3.1 Model 3.2 

00:00 4.75 3.70 3.71 6.30 5.24 5.26 

01:00 3.96 2.91 3.09 5.53 4.48 4.66 

02:00 3.39 2.34 2.65 4.94 3.89 4.20 

03:00 3.45 2.40 2.69 4.99 3.94 4.24 

04:00 4.14 3.09 3.23 5.74 4.69 4.83 

05:00 5.08 3.97 4.03 6.82 5.71 5.77 

06:00 5.91 4.62 4.86 7.83 6.53 6.78 

07:00 6.39 4.99 5.33 7.99 6.60 6.94 

08:00 6.59 5.14 5.54 8.18 6.74 7.13 

09:00 6.51 5.08 5.46 8.19 6.77 7.14 

10:00 6.52 5.09 5.47 8.33 6.90 7.27 

11:00 6.55 5.12 5.50 8.36 6.93 7.31 

12:00 6.56 5.13 5.51 8.41 6.97 7.36 

13:00 6.79 5.31 5.74 8.58 7.09 7.53 

14:00 6.84 5.34 5.79 8.64 7.14 7.59 

15:00 7.48 5.84 6.43 9.30 7.66 8.24 

16:00 8.57 6.70 7.52 10.42 8.55 9.37 

17:00 9.57 7.47 8.51 11.59 9.50 10.54 

18:00 10.18 7.95 9.13 12.11 9.88 11.06 

19:00 10.27 8.02 9.21 12.28 10.03 11.23 

20:00 9.83 7.67 8.77 11.74 9.59 10.69 

21:00 8.81 6.88 7.76 10.54 8.62 9.49 

22:00 7.49 5.85 6.44 9.09 7.45 8.03 

23:00 5.61 4.43 4.55 7.15 5.97 6.09 

 
Table 58: Mean dairy profiles of appliances’ electricity demand and the resulting residential curve in 2015 and the 

two models proposed 

 
With the new residential sector curve we can obtain the mean profile for the TFC (dotted-orange 
line). If we compare it to the real TFC (dotted-black line) and to the demand profile obtained in 
the previous model, we observe that the differences are less pronounced and that we have more 
points overlapping the real demand during less appliance-demanding hours, because the gap in 
these periods is narrower. 
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Figure 44: resulting cumulated electricity TFC in Model 3.2 (orange dots) versus the initial TFC (balck dots) 

 
The DESSTINEE tool provides hourly profiles for each end-use sector and the total losses. In order 
to obtain again the transmission and distribution losses, we have recalculated them 
proportionally, by using the fractional reduction per hour. Hence, we have reduced the Spanish 
total electricity demand b.b. by 9,208.15 GWh, which equals to a diminution of 3.5%.  
 
If we now consider the final energy consumption in the residential sector including also fossil 
fuels (mainly gas and coal, and also part of biomass), the share changes too. In fact, the other 
final-end uses gain importance, mainly the space heating with almost 50% of the residential 
demand in 2015. 
 

Sub-Sector 
Appliances & 

lighting 
Space Heating Water heating Cooling Residential Sector 

Electricity new [GWh] 46,468 8,978 4,692 1,742 61,879 

Electricity new % 75.09 14.51 7.58 2.81 100 

Energy new [GWh] 46,468 75,460 39,445 1,742 163,115 

Energy new % 28.49 46.26 24.18 1.07 100 

 
Table 59: end-use shares and annual consumptions for energy and electricity in Model 3.2 

 

6.4.3 Energy Mix and Generation Cost: CALLIOPE 
 
Once the new final electricity demand has been obtained, we will follow both the same steps 
and assumptions explained in the previous model.  
 
 

6.4.4 Results 
 
The potential of the scrappage plan leads into a mean dairy market price of 0.04918 €/kWh, 
4.1% less than the real dairy market price. It is necessary to evaluate the generation mix and the 
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production costs to better understand the reduction achieved in comparison to the real value, 
and compare it with the lower price produced by the first model. 
  
Regarding the total production, we firstly present the aggregated results for the whole country. 
In the following the table the levelised cost of electricity produced and the annual generation 
by technology are provided.  

 Fossil fuel technologies present lower production but nuclear power plants when 
compared to the original model. We observe that all fossil-fuelled power plants have 
increased their production except the auxiliary generation and diesel-gens due to their 
rather high price, whilst the others have risen their production in the interval [50-150]: 
the cheaper are the costs the greater is the increment.    

 PSH plants keep the production of the model 3.1 with a lower consumption of electricity 
for pumping water from the basin, concretely 5 GWh less. 

 The LCOE for renewables has increased with respect to the previous model because by 
the impact of lower exports.  

 The difference between models’ generation is 426 GWh. Contrary to the previous 
model, the imports are really similar both in costs and electricity purchased, as well as 
the exports coming from renewables. Hence, the energy price is a bit higher If we 
compare it to the previous model, concretely 3.7 €/MWh.  

 Finally, although it does not appear in the Spanish balance, through the Balearic 
connection has flown 1,319 GWh, i.e. 18 GWh less than the electricity carried out from 
the Peninsula in 2015 and 10 GWh more with respect to the model 3.1, increasing then 
the renewable share in the Balearic group. 

 
Since we are dealing with 8760 values per source and there are 25 technologies (considering 
national production, international imports and final demands), we will picture the mean profile 
for the most beneficial case, i.e. total appliances substitution. 
 

 
 

Figure 45: Mean demand profil split by electricity generation sources in Model 3.2 
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Technology 
Annual production [GWh] LCOE [€/kWh] 

CALLIOPE Real CALLIOPE Real 

Hydro_ror 5,461 5,461 0.0573 0.0616 

Hydro_dam 20,597 20,703 0.0437 0.0435 

Hydro_PSH 40 5,121 4.4154 0.1056 

Nuclear 54,655 54,662 0.0332 0.0332 

Diesel 3,069 3,346 0.1995 0.1988 

GT 981 914 0.1177 0.1220 

ST 2,150 2,225 0.0631 0.0620 

Coal 37,992 52,941 0.0693 0.0621 

CC 26,917 29,179 0.0814 0.0761 

Aux_Gen 3 10.58 0.2798 0.1199 

Hydrowind 8.56 8.56 0.1097 0.1097 

Wind 48,113 48,113 0.0544 0.0630 

Solar pv 8,242 8,242 -0.1831 -0.1618 

Solar th 5,085 5,085 0.0799 0.0828 

Other renew 4,601 4,601 0.0830 0.0841 

Cogeneration 25,135 25,135 0.0470 0.0509 

Waste 2,196 2,196 0.1350 0.1505 

GENERATION 245,245 267,945 0.0542 0.05167 

Import_Fr 9,454 9,131 0.0363 0.0360 

Import_Po 14,343 5,811 0.0479 0.0528 

Exports -15,658 -15,089 -0.0526 -0.0501 

PSH_consumption -40 -4,738 -0.0715 -0.0715 

DEMAND B.B. 253,344 263,073 0.4918 0.05123 

 
Table 60: Results split by technology of the Model 3.2. Annual production and cost of energy are compared with 

2015 results 

 
Similar to the Spanish model, in the profile there are technologies which are invaluable because 
of the axis scales, so for these technologies we provide the mean profiles in the table attached 
after the Spanish Mix picture.  

 Diesel, gas turbines, steam turbines and auxiliary generation profiles have the same 
tendency modelled in CALLIOPE for the scrappage plan even though there are, 
obviously, higher production values hour-by-hour. 

 Finally, international exchanges are much greater for this model, reaching differences 
for the mean profiles of more than 1 GWh. Likewise, the electricity flowing through the 
DC connection with the Balearic Islands is greater, outweighing in the CO2 balance the 
pollution coming from non-renewable energy sources. 
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CALLIOPE MODEL [kWh] REAL MODEL [kWh] 

Diesel GT ST Aux_gen 
International 

Exchanges 
Balearic 

connection 
Balearic 

connection 

00:00:00 345,408 19,957 139,134 10 1,444,377 -178,440 -97,199 

01:00:00 341,982 9,957 133,824 0 2,014,579 -193,941 -81,911 

02:00:00 339,911 8,976 133,482 0 2,163,737 -183,289 -74,688 

03:00:00 338,732 8,090 135,127 0 2,096,026 -179,020 -74,868 

04:00:00 338,042 8,944 140,234 0 1,970,705 -182,517 -74,987 

05:00:00 338,191 25,632 166,500 0 1,637,275 -171,810 -82,502 

06:00:00 344,379 62,125 200,270 0 1,511,521 -166,623 -105,441 

07:00:00 344,678 112,565 244,759 80 1,418,139 -140,591 -142,028 

08:00:00 347,271 155,013 275,859 366 1,310,134 -132,047 -169,406 

09:00:00 352,255 181,125 299,912 627 1,171,256 -123,206 -182,138 

10:00:00 356,316 185,913 304,131 689 839,990 -121,791 -187,044 

11:00:00 360,779 180,955 303,594 665 614,156 -130,545 -187,881 

12:00:00 363,325 177,723 307,889 699 421,450 -134,681 -187,587 

13:00:00 358,747 148,272 303,654 593 390,931 -147,509 -182,119 

14:00:00 354,573 119,744 284,262 368 415,273 -168,888 -174,990 

15:00:00 351,217 109,298 265,532 347 420,107 -174,553 -172,945 

16:00:00 350,645 122,889 264,760 484 226,482 -172,478 -174,710 

17:00:00 350,249 131,606 275,543 506 -105,117 -168,684 -184,670 

18:00:00 352,177 157,335 304,297 548 -30,402 -154,879 -202,765 

19:00:00 356,521 216,331 353,685 742 88,834 -115,306 -218,993 

20:00:00 359,202 236,161 378,486 1,031 401,168 -87,394 -219,402 

21:00:00 358,928 164,680 294,204 362 498,030 -100,244 -197,037 

22:00:00 354,966 85,175 213,016 19 552,382 -143,109 -162,920 

23:00:00 350,085 58,193 168,161 0 830,382 -142,240 -124,404 

 
Table 61: Hourly profiles for less appreciated energy sources depicted in figure 28. Comparison between 2015 

results and Model 3.2 

 

We can therefore again estimate both the annual real consumption and the resulting savings 
that would be reached with fridges and freezers. Given that the energy generation cost has been 
reduced from 0.05123 to 0.04918 €/kWh, we can then recalculate the new PVPC considering 
the different changing components:  
 

 Real price [€/MWh] Model price [€/MWh] 

𝑃𝑀𝐷ℎ  51.28 49.18 

𝑃𝑆𝐴ℎ  1.14 1.09 

𝐿𝑜𝑠𝑠𝑒𝑠ℎ  10.46 10.10 

PVPC 197.40 194.89 

 
Table 62: disaggregation of PVPC parts with a resulting reduction from the implementation of Model 3.2 
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We can calculate in this model the savings obtained in the electricity bill by appliance (fridge and 
freezer only), following the same procedure detailed in the first model. 
 

 
Table 63: disaggregation of electricity components (taxes included) with a resulting reduction and the consequent 

annual savings from the implementation of Model 3.2 

 
In this case savings are lower as expected. Nevertheless, the investment in cooling-aimed 
appliances results in almost 2,900 € saved in 12 years and more than 36 billion€ in Spain, bearing 
in mind that the initial investment required is 35,608 M€ lower. By the input-output analysis we 
could better decide which measure is more worthy considering various aspects. 
 
 

  

∆𝑐𝑜𝑠𝑡𝑒𝑛𝑒𝑟𝑔𝑦  

[€/year/house] 

∆𝑡𝑜𝑙𝑙𝑒𝑛𝑒𝑟𝑔𝑦  

[€/year/house] 

Annual savings 
[€/year/house] 

Nº units 
Savings 

[M€/year] 

Fridge 81.31 18.01 126.32 19,692,925 2,487.66 

Freezer 78.42 17.39 121.86 4,327,445 527.36 

TOTAL 159.74 35.40 248.19 24,020,370 3,015.02 
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7 Industrial Ecology and Input-Output Analysis 
 
When we refer to the input-output (IO) analysis we must also talk about industrial ecology (IE).   
The industrial ecology studies both material and energy flows in any sector of a country, the 
effects they may have on the environment and the impact on the economic, political, regulatory 
and social environment. IE's objectives are:  

 reduce impacts due to economic activities  

 understand how environmental concerns can be integrated and taken into account 
within economic activities.  

 
Our objective is to evaluate and deduct the total consumption of non-renewable primary energy 
required by the national economies, in our case Spain, for the production of goods and services. 
 
As already mentioned, human economies are complex networks of productive activities, 

principally named “supply changes”, delivering goods and services for household consumption 

and well-being. These processes carry also natural resources consumption and waste emissions, 

e.g. pollution or residues production.  In regards to natural resources the later mention we have 

in this group: raw materials, water, land and non-renewable energy sources. These non-

renewable energy sources are mainly fossil fuels and oil products such as gasoline, diesel, 

kerosene and natural gas. Those are the main sources of energy in modern societies, concretely 

more than 80% of the world total primary energy supply belongs to these non-renewable energy 

sources. The consumption of non- renewable and socio-economic development of a nation are 

strongly linked even though non-renewables are finite, i.e. they can be leveraged in a certain 

amount, and lead into waste (pollution) and greenhouse gasses emissions. Therefore, input-

output is general for evaluating environmental impact of human economies and non-renewable 

primary energy consumption. 

 

7.1 IO Analysis: One-Sector Model 
 

7.1.1 Leontief Production Model (LPM) 
 
We will first explain the model implemented in the project for 1 industrial activity/sector. We 
will suppose that there is only a production process i modelled as a black box and characterises 
by a number of inputs and outputs. As in traditional thermodynamics analysis, both exogenous 
and endogenous fluxes are defined once the boundaries of the system are defined: 

 
Figure 46: fluxes for the industrial process i according to the LPM 
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𝑦𝑖: final demand (useful products, such as the electricity delivered by a power plant to the 

grid). 

𝑥𝑖𝑖: endogenous transactions of products (e.g., electricity consumed by the own power 

plant) 

𝑥𝑖: product of process i (e.g. the electricity generated by a power plant i), and it is the level 

of production required to satisfy the demand 𝑦𝑖.  

𝐹𝑖: exogenous transactions (resources such as water, land and so on). It has units of  

𝑤𝑖: exogenous transactions (waste such as residues, emissions and so on) 

 
For the basic equations and balances ,we define the technical coefficient 𝑎𝑖𝑖  for endogenous 
transactions. For this coefficient we will assume constant return to scale, so in general: 𝑎𝑖𝑖 =
𝑎𝑖𝑖(𝑥𝑖, 𝑥𝑖𝑖). 
 

𝑥𝑖 = 𝑥𝑖𝑖 + 𝑦𝑖 = 𝑎𝑖𝑖𝑥𝑖 + 𝑦𝑖  , , 𝑎𝑖𝑖 = 𝑐𝑜𝑠𝑡 > 0 Ɐ𝑥𝑖  
 
In the previous equation states that the production surplus 𝑥𝑖 equals to the sum of intermediate 
demand 𝑥𝑖𝑖  and final demand 𝑥𝑖. Then, we can define the Leontief Inverse Coefficient (LIC), 𝑙𝑖𝑖, 
which is the amount of product required to fulfil the unit of final demand , and the Leontief 
Production Model (LPM) by the following equation: 
 

𝑥𝑖 = (1 − 𝑎𝑖𝑖)−1𝑦𝑖 = 𝑙𝑖𝑖𝑦𝑖 
 
If we now consider the demand for an exogenous resource to deliver a product x (as inputs to a 
process i) 𝐹𝑖, and define the technical coefficient for exogenous transactions 𝑓𝑖, the amount of 
exogenous resource required for meeting the final demand y can be written as follows: 
 

𝐹𝑖 = 𝑓𝑖𝑥𝑖 = 𝑓𝑖(1 − 𝑎𝑖𝑖)−1𝑦𝑖 = 𝑓𝑖𝑙𝑖𝑖𝑦𝑖  
 
The term 𝐹𝑖 represents the amount of exogenous resources (coming from the environment, 
therefore withdrawn from this former one) required to meet the final demand 𝑦𝑖. As a result, if 
we pictured a series of processes where each one depends on another, and then we summed 
all the inputs for the different processes, we would come up with a geometric series resulting in 
the LPM. The following picture shows the case already described. 
 

  
Figure 47: series of processes such that the final product is the extraction of 1 unit of final demand 

𝑓𝑖 + 𝑓𝑖𝑎𝑖𝑖 + 𝑓𝑖𝑎𝑖𝑖
2 + ⋯ = ∑ 𝑎𝑖𝑖

𝑡

𝑛

𝑡=0

= 𝑓𝑖(1 − 𝑎𝑖𝑖)−1 ∗ 1 
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Thus, we observe that the sum of the terms is the amount of resource required both direct and 
indirectly to fulfil one unit of 𝑓𝑖. Besides, the LIC is a concept which represents, on the other 
hand, embodied or endogenous consumption of resources, within the system. 
 

7.1.2 Leontief Price Model  
 
If we define an intensive price p for a product 𝑥𝑖 it is possible to obtain the monetary costs, what 
leads us to the Leontief Price Model. Its equation consists of terms: the first term accounts for 
endogenous inputs costs and the second one is known as “added value” of the product 𝑥𝑖 (𝑣𝑖). 
 

𝑝𝑥𝑖 = 𝑝𝑎𝑖𝑖𝑥𝑖 + 𝑝(1 − 𝑎𝑖𝑖)𝑥𝑖 =  𝑝𝑎𝑖𝑖𝑥𝑖 + 𝑣𝑖  
 

 

7.2 IO Analysis: Multi-Sector Model 
 
A system is given by a combination of processes, so we will have various units of various items 
and products. We will study then a model for a given country r assuming the following: 
 

 There are finite number of processes [1,__,i,j,__,n]. 

 There are finite exogenous transactions [1,__,k,l__,m]. 

 There is one final demand product by process i. 
 
Moreover, we will move from algebraic equations to matrix algebra, and we will also embrace 
in the exogenous transactions term 𝐹𝑖 both resources and waste. Therefore, the are 
equivalences between the previous concepts explained and the new vectors and matrixes for 
the LPM. Apart from this, 𝑥𝑑 is a diagonal matrix such that each element 𝑥𝑖𝑖  is the element 𝑥𝑖 of 
the vector 𝑥, and 𝐼 can be either the identity matrix (nxn) or the identity vector (nx1). 
 

𝑦𝑖:  𝑦 = Final demand vector (nx1) 𝑦 = 𝐿 ∗ 𝑥 

𝑎𝑖𝑖:  𝐴 = Technical coefficients matrix (nxn)  𝐴 = 𝑍 ∗ 𝑥𝑑−1 

𝑥𝑖𝑖:  𝑍 = Transaction matrix (nxn)  𝑍 = 𝐴 ∗ 𝑥 

𝑥𝑖:  𝑥 = Total production vector (nx1) 𝑥 = (𝐼 − 𝐴)−1𝑦 = 𝑍 ∗ 𝐼 + 𝑦 

 𝑥𝑑 = Total production matrix (nxn)  𝑥𝑑 = 𝑑𝑖𝑎𝑔(𝑥) 

𝑙𝑖𝑖:  𝐿 = Leontief Inverse Matrix (LIM) (nxn) 𝐿 = (𝐼 − 𝐴)−1 

𝐹𝑘:  𝐹 = Exogenous Transactions Matrix (mxn)  𝐹 = 𝑓 ∗ 𝑥𝑑  

𝑓𝑘:  𝑓 = Exogenous Transactions coefficients Matrix (mxn) 𝑓 = 𝐹 ∗ 𝑥𝑑−1 
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Figure 48: Multisector model interconnections and relationships 

 

7.3 IO Analysis: Multi-Region Models (MRIO) 
 
Finally, the IO analysis allows us to assess environmental impacts of production activities and 
systems interconnected. MRIO models have their boundaries set to a cluster of countries or the 
whole world economy, and both high data requirements and accuracy in footprint accountings 
is mandatory. For this information the EXIOBASE MRIO database has been used. EXIOBASE is a 
global, detailed Multi-Regional Environmentally Extended Supply and Use / Input Output (MR 
EE SUT/IOT) database. More specifically, it is a global multi-regional, environmentally extended 
input-output table. It was developed by harmonizing and detailing SUT for a large number of 
countries, estimating emissions and resource extractions by industry, linking the country EE SUT 
via trade to an MR EE SUT, and producing an MR EE IOT from this. The international input-output 
table that can be used for the analysis of the environmental impacts associated with the final 
consumption of product groups. [75, 76]. The tables with data are regularly updated, and the 
latest released version in 2011 has been implemented for our analysis.  
 
The consumption-based approach will be used for evaluating the two appliances-penetration 
models in the Spanish economy, and its modulation is explained in the following image.  
 
The national economy for a country r (Spain in our case) is enclosed by the black rectangle, in 
which all the economic activities, endogenous and exogenous transactions… take place, as well 
as exchanges and trades with the other countries of the world as imports and exports. In order 
to provide a mathematical formulation for the problem, we will detail below the data gathered 
from EXIOBASE and the different matrixes and vectors implemented. 
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Figure 49: Multi Region Models interconnections and relationships. 

 
Size of matrices/vectors symbol value 

Countries number nC 49 

Sectors per country nI 163 

Total sectors number ntI 7987 

Final demand types nY 7 

Exogenous transactions types nF 14 

Value added types nV 1 

 
In regards to the exogenous transactions, some of them have different units so we proceed to 
define the units for each transaction type. On the contrary, the final demand types, also 
described below with some explanations attached, are all measured in million €. 

 
nF = 14     

1. CO2 - combustion - air kg 11. Energy Inputs from Nature: Total TJ 

2. CH4- combustion - air kg 12. Emission Relevant Energy Carrier: Total TJ 

3. N2O - combustion - air kg 13. Energy Carrier Supply: Total TJ 

4. SOx- combustion - air kg 14. Energy Carrier Use: Total TJ 

5. NOx - combustion - air kg   

6. NH3- combustion - air kg   

7. CO - combustion - air kg   

8. NMVOC - combustion - air kg   

9. PM10 - combustion - air kg   

10. PM2.5 - combustion - air kg   

 

nY = 7 

1. Final consumption expenditure by households 

2. Final consumption expenditure by NPISH 

3. Final consumption expenditure by government 

4. Gross fixed capital formation 

5. Changes in inventories 

6. Changes in valuables 

7. Exports: Total (fob) 
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 “2. Final consumption expenditure by NPISH”. The acronym NPISH stands for “non-profit 
organisations serving households” (they make up an institutional sector in the context 
of national accounts consisting of non-profit institutions which are not mainly financed 
and controlled by government and which provide goods or services to households for 
free or at prices that are not economically significant. Examples include churches and 
religious societies, sports and other clubs, trade unions and political parties).  

 “4. Gross fixed capital formation (GFCF)”. It corresponds to the investment of a country, 
represented by the variation of non-financial fixed assets, both public and private in a 
given period of time. Therefore, it is considered an engine of economic growth because 
it allows to increase the productive capacity of a country for several years. 

 “7. Exports: Total (fob)”. The term “free on board” is an incoterm exclusive for 
operations by sea. The exporter must comply with its obligation to make available to the 
buyer, the goods loaded and stowed on the ship, at the agreed port. the buyer must 
bear the risks and bear the costs from that time.  

 
Following also the layout used in the multi-sector model for the matrixes and vectors definitions, 
we will present them once again although with the dimensions updated since the boundaries of 
the model have changed: we have moved from one single country to 49. We refer as exogenous 
variables to those tables obtained and download from the EXIOBASE, and as endogenous to 
those matrixes that result from Leontief models. 
 
Exogenous variables (input data) symbol rows   columns   units 

Technical coefficients matrix A nC*nI  7987 nC*nI  7987 - 

Final demand matrix Yd nC*nI  7987 nC*nY 343 M€ 

Exogenous transactions matrix F nF 14 nC*nI  7987 kg, TJ 

Exogenous transactions (intermediate) matrix F_hhd nF 14 nC*nY 343 Kg, TJ 

Added value matrix V nV 1 nC*nI  7987 M€ 

       
Endogenous variables                                                  symbol rows   columns   units 

Total production vector x nC*nI  7987 1 1 M€ 

Total production matrix xd nC*nI  7987 nC*nI  7987 M€ 

Leontief Inverse matrix L nC*nI  7987 nC*nI  7987 - 

Final demand matrix (aggregated) Y nC*nI  7987 nC 1 M€ 

Final demand vector Yt nC*nI  7987 1 1 M€ 

Added value coefficients matrix v nC*nI 7987 1 1  - 

Exogenous transactions coefficients matrix  f nF 14 nC*nI  7987 - 

Endogenous transactions matrix Z nC*nI  7987 nC*nI  7987 - 

 
 
We have mentioned above that EXIOBASE’s database is available for the year 2011, the 
electricity production mix differs substantially from the one of 2015. Henceforth, it has been 
necessary to update the energy produced by resource following the arrangement by 
technologies found in the “sectors” per each country. The classification provided in the database 
is also different from ours as we can observe in the following table, so a reallocation of 
production technologies has been obligatory to develop the IO models’ analysis. Such 
classification is the Statistical classification of economic activities in the European Community, 
abbreviated as NACE. It is a four-digit classification providing the framework for collecting and 
presenting a large range of statistical data according to economic activity in the fields of 
economic statistics (e.g. production, employment and national accounts) and in other statistical 
domains developed within the European statistical system (ESS).  
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𝑎𝑖𝑗: it represents the production of 𝑖 products directly required for the production of one 

unit of product 𝑗 

𝑦𝑑𝑖𝑦: it represents the demand of I products produced in a given sector of a country to cover 

a final demand 𝑦 

𝐹𝑘𝑗: it represents the amount of resource k, required or released, in a given sector of a 

country j 

𝐹_ℎℎ𝑑𝑘𝑙: it represents the amount of resource k, required or released, to cover a final demand y 

𝑉𝑖: it represents the value added directly produced in a given sector of a country 𝑖 for the 

production of product 𝑖 

𝑥𝑖: it represents the production of 𝑖 products in a given sector of a country i 

𝑙𝑖𝑗: it represents the production of 𝑖 products direct and indirectly required for the 

production of one unit of j product 

𝑣𝑖: it represents the value added directly produced in a given sector of a country 𝑖 for the 

production of one unit of product 𝑖. For the matrix calculation: 𝑣 = 𝑉 ∗ 𝑥𝑑−1 

𝑓𝑘𝑗: it represents the exogenous resource k directly required or released by a process in a 

given sector of a country j for production of one unit of j product 

𝑥𝑖𝑗: it represents the production of 𝑖 products in a given sector of a country required directly 

by a given sector of a country j. 

 

Sectors Technologies included 2015 Model 3.1 Model 3.2 

96.Coal  52941.3 37752.7 37991.7 

97.Natural gas cc + cogeneration 54313.3 51985.3 52051.3 

98.Nuclear  54661.8 54653.9 54655.3 

99.Hydro  31285.8 26095.3 26098.0 

100.Wind  48121.3 48121.2 48121.2 

101.Oil & derivatives diesel + gt + st 6496.7 6084.7 6202.7 

102.Biomass & waste other_ren + waste - geothermal 6791.9 6791.9 6791.9 

103.Solar photovoltaic  8242.2 8242.2 8242.2 

104.Solar thermal  5085.2 5085.2 5085.2 

105.Tide, wave, ocean  0 0 0 

106.Geothermal  5.12 5.12 5.12 

107.Others nec  0 0 0 

TOTAL  267944.5 244817.6 245244.6 

 
Table 64: aggregation of Spanish generation technology groups  into NACE categories 

We must highlight that the electricity production from “Geothermal” has been extracted from 
our category “other_ren” (it stands for other renewables, where biomass, biogas, tidal and 
geothermal generations had been reunited). Given that geothermal electricity production 
belongs to the group of renewables, its production in 2015 and in the 2 models remains 
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invariant. Besides, hourly profiles for different years are available in e·sios, whose total 
generation in 2015 was 5.12 GWh. Hence, in the EXIOBASE category “biomass & waste” the 
technologies included from our model are “other_ren” and “waste”, substracting 5.12 
associated to geothermal power generation. 
 

7.4 Shock Analysis 
 
One of the main applications that can be extracted from the IO analysis is the so called Shock 
analysis. This tool aims to evaluate, mainly, the effects of policies or structural measures caused 
by relatively small changes in production technologies and/or consumption level occurring in 
the short term: whilst for the input matrices implement the subindex 0, the final results are 
expressed by the subindex 1.  
 
There exist some possible ways to apply shock analysis throughout an exogenous change within 
the economy.  

1. SHOCK 1: consists of implementing a change in the final demand or business patterns.  

 the exogenous parameters are embraced in the total final demand, going from f0 to 

f1. Therefore, we have that: 𝑓1=𝑓0+𝑓=; 𝐴1=𝐴0, 𝐿1=𝐿0, 𝑣1=𝑣0, 𝐹1=𝐹0.  

 the outcomes result in an increase in total production (𝑓1=𝑓0+f) a null increase in 
the price and a null increase in the endogenous demand for energy.  

2. SHOCK 2: it consists on a change of the productive technology or in patterns of 
endogenous exchange between the countries that conform the system, that is to say, 
the 49 countries.  

 While the final demand remains constant 𝑓1=𝑓0, the exogenous parameters 
introduced by the analyst would produce an increase in the endogenous 
transactions matrix 𝑍, the endogenous transactions matrix 𝐹 and in the value 
added matrix 𝑉, i.e. the Leontief Inverse matrix 𝐿, the technical coefficients matrix 
𝐴 will change, as well as prices, production, and the embodied energy.  

3. SHOCK 3: the final shock type is a mix of the two previous cases, in which both the final 
demand and the production technology change, so it is the most complex case of study. 

 
The shock type chosen for the modelling has been the shock 3. For this purpose, a Python-
written code has been implemented, provided by the Polytechnic’s Energy department. In the 
following section we will explain both models and the results provided. Contrary to the previous 
chapters, we will discuss both models simultaneously and not one by one in different sections. 
In this way it will be easier to compare the outcomes and evaluate the benefits and 
disadvantages that the two alternatives have. 
 
 

7.4.1 Shock Analysis & Application 
 
In order to explain the main input data in the shock 3, we will arrange and present only the 
elements of the matrixes that will be modified. Besides the Spanish final demand, the 
modification in our case takes place in the value added, although it does not happen neither in 
the exogenous transactions nor in technical coefficients matrix. 
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7.4.1.1 Yd: Final demand incremental matrix 

 
The final demand types affected are “1. Final consumption expenditure by households” and “7. 
Exports: Total”, while the industrial sectors implicated are, obviously, “86. Manufacture of 
machinery and equipment n.e.c. (not elsewhere classified)” and the electricity producers from 
“96. Production of electricity by coal” up to “107. Production of electricity by others n.e.c.”. The 
number attached for every concept just mentioned inform us of their position within the country 
of scope (Spain in our case, which occupies the position 9 within the countries labelling) 

 Model 3.1: Scrappage plan potential 
o To finance the total investment in appliances over 12 years of mean lifetime, the 

annual expenditure incurred by households would be 4,864.54M€, decreasing on 
the other hand their annual electricity bill in 4,075.49M€.  

o To provide a more realistic model, all the exports produced by the appliances 
sector in 2015 (data provided in [30]) are subtracted due to the large amount of 
units that will be fabricated, so the sector could not afford both increasing their 
production and keeping their exports levels. Also the imports levels of 2015 
(682M€) remain constant because of the increasing appliances demand.  

 Model 3.2: Fridges and Freezers penetration 
o To finance the total investment in fridges and freezers over 12 years of mean 

lifetime, the annual expenditure incurred by households would lower in this case, 
concretely 1,897.12M€, decreasing on the other hand their annual electricity bill 
in 3,015.02M€.  

o To provide a more realistic model, all the exports produced by the appliances 
sector in 2015 (data provided in [30]) are subtracted due to the large amount of 
units that will be fabricated, so the sector could not afford, either in this case,  

o both increasing their production and keeping their exports levels.  
 

 
 
 
 
 
 
 

Table 65: Final demand incremental matrixes implemented in Model 3.1 (left) and 3.2 (right) 

 

7.4.1.2 V: Value added incremental matrix 

 
The number of appliances manufactured in 2015 reached almost 5 million units. Thus, it will be 
necessary to double the number of workers in the sector, raising the Spanish workforce by 
32,000 people. As there will be incorporations of low, medium and high skilled employees, the 
average gross annual salary of 20,051€ has been used to account for this modification. It has 
been assumed that the number of working hours is doubled for the appliances manufacturing 
industries, having therefore 2 8-hours shifts. Therefore, both matrixes in our models are equal. 

 Model 3.1: Scrappage plan potential.  
o If we want to increase the national production without incurring excessive 

imports, it is necessary to increase the production capacity to provide nearly 70 
million of appliances.  

Yd 1.Households 7.Exports 

86. Appliances  
       Manufacture 

4,864.54 -1,003 

96-104. Electricity  
              Production 

-4,075.49 0 

Yd 1.Households 7.Exports 

86. Appliances  
      Manufacture 

1,897.12 -1,003 

96-104. Electricity  
              Production 

-3,015.02 0 
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 Model 3.2 
o  Likewise, it is necessary to increase the production capacity to provide nearly 25 

million of appliances. 
 

 
 
 

Table 66: Value added incremental matrix implemented in Model 3.1 as well as in Model 3.2 

 

Once introduced the differential matrixes, the following equations have been used to obtain the 
final matrixes and vectors: 
 
𝐴1=𝐴0;  𝐿1 = 𝐿0;  𝐹1 = 𝐹0 

𝑌𝑑1 = ∆𝑌𝑑 + 𝑌𝑑0     →  𝑌𝑡1 = ∑ 𝑌𝑑1𝑖𝑗

𝑛𝐶∗𝑛𝑌

𝑗=1

 

𝑥1 = 𝐿1 ∗ 𝑌𝑡1              →  ∆𝑥 = 𝑥1 − 𝑥0 
∆𝐹 = 𝑓 ∗ 𝑑𝑖𝑎𝑔(∆𝑥)  →  ∆𝐹 = 𝐹1 − 𝐹0 
∆𝑉 = 𝑣 ∗ 𝑑𝑖𝑎𝑔(∆𝑥)  →  ∆𝑉 = 𝑉1 − 𝑉0 
 
Given that the number of data is reasonably high, it has been considered more appropriate to 
present the shock outputs by aggregating the productivity sectors or industries (163 per country) 
in groups. Herein we detail, besides, the reference number which comprise each aggregation 
following the order by which they appear in the matrixes obtained from EXIOBASE database.  
 

Sector group Industries included 

A - Agriculture, forestry, fishing 1.Cultivation of paddy rice, ___ , 19.Wool, silk-worm cocoons 

B - Mining and quarrying 
20. Mining of coal and lignite; extraction of peat (10), ___ ,  
34. Mining of chemical and fertilizer minerals, production of salt, 
       other mining and quarrying n.e.c. 

C - Manufacturing 35. Processing of meat cattle , ___ , 95. Recycling of bottles  

D1 - Electricity supply 
96. Production of electricity by coal, ___ , 109. Distribution and trade 
       of electricity 

D2 - Gaseous fuels supply 110. Manufacture of gas; distribution of gaseous fuels through mains 

E - Steam and water supply 
111. Steam and hot water supply, 112. Collection, purification and  
         distribution of water (41) 

F - Construction 
113. Construction (45), 114. Re-processing of secondary construction 
         material into aggregates 

G - Waste management 139. Incineration of waste: Food, ___ , 158. Landfill of waste: Wood 

H - Transportation and storage 
120. Transport via railways, ___ , 126. Supporting and auxiliary  
         transport activities; activities of travel agencies (63) 

JtU - Services 

115. Motor vehicles, motor vehicles parts, motorcycles, motor cycles 
         parts and accessories, ___ , 119. Hotels and restaurants (55) + 
127. Post and telecommunications (64), ___ , 138. Health and social  
         work (85) +  
159. Activities of membership organisation n.e.c. (91), ___ ,  
163. Extra-territorial organizations and bodies 

 
Table 67: aggregation of NACE industries into more generic categories 

V 86. Appliances Manufacture 

1. Value Added 641.63 
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7.5 Model 3.1 Results: Scrappage Plan Potential 
 
In this section, we will better describe the results for the first model, defined by a completely 
substitution of the main household appliances. Firstly, we will picture the results of the 
incremental matrixes presented in the calculus, deepening in the exogenous transactions 
matrix.  Subsequently, the outcomes obtained by the shock application will be also analysed in 
order to provide a final assessment for the convenience from different perspectives. 
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Figure 50: graphic results for the exogenous transactions, value added and total production incremental matrixes by 

group, once applied the shock of Model 3.1 

 

 ∆F [ktCO2eq] ∆V [M€] ∆x [M€] 

A - Agriculture, forestry, fishing -0.06 -0.38 -0.97 

B - Mining and quarrying -270.64 -161.00 -434.00 

C - Manufacturing 184.76 2,370.00 4,870.00 

D1 - Electricity supply -36,676.76 -1,770.00 -4,240.00 

D2 - Gaseous fuels supply -11.22 -45.00 -296.00 

E - Steam and water supply -0.34 -2.79 -5.39 

F - Construction -0.33 -2.27 -5.46 

G - Waste management -0.18 -0.82 -369.00 

H - Transportation and storage -0.53 5.84 27.40 

JtU - Services -7.79 -222.00 -1.69 

Total -36,783.09 171.58 -455.11 

 
Table 68: numeric results for the exogenous transactions, value added and total production incremental matrixes by 

group, once applied the shock of Model 3.1 

 

7.5.1 Exogenous transactions incremental matrix: ∆F [tCO2eq]  
 
We have pictured the total amount delivered in combustions in CO2eq units, so for our calculus 
we the CO2, CH4 and N2O have been considered. To transform the results for methane and 
dinitrogen monoxide in the shock analysis from kg to CO2 equivalent-kilotons the global 
warming potential (GWP) of each greenhouse gas has been implemented. The GWP defines the 
integrated warming effect over time that today produces an instantaneous release of 1kg of a 
greenhouse gas, compared to that caused by CO2. In this way, the radiative effects of each gas 
can be taken into account, as well as its different periods of permanence in the atmosphere. The 
GWPs implemented for both compounds have been 28 for CH4and 265 for N2O [18].  
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∆x [M€]



139 
 

 
 

Figure 51: 𝐶𝑂2-equivalent emissions for the BAU scenario (orange color) and the projected scenario of Model 3.1 
(green color) 

 
We can then compare the matrixes 𝐹1 and 𝐹0 and observe the differences regarding CO2-
equivalent emissions in the table and the bar chart below. 
 

 
𝐹1 [ktCO2eq] 𝐹0 [ktCO2eq] 

86. Manufacture 617.66 540.26 

96-104. Electricity Production 36,910.99 77,197.67 

Residential sector 27,251.39 59,632.45 

Spain 181,783.96 229,372.00 

 
Table 69: 𝐶𝑂2-equivalent emissions for the BAU scenario and the projected scenario of Model 3.1 

 
According to the data provided by REE, the total CO2eq emissions reported in 2015 reached the 
amount of 77,197.67ktCO2eq. The scrappage plan would result then in CO2 savings for all 
industrial activities but in the manufacturing sector because of the huge appliances production 
needed. As a result, the reductions achieved in CO2emissions are close to 37,000 ktCO2eq, and 
the reduction in the electricity production is the major responsible of this fact. Moreover, we 
have not only observed reductions in those gases but also in other high-pollutant emissions: 
particle matter (PM) and (NMVOC) as we can observe in the following table: 
 
 
 
 
 
 
 
 
 
 

0

50,000

100,000

150,000

200,000

250,000

86. Manufacture 96-104. Electricity
Production

Residential sector Spain

F1 [ktCO2eq] F0 [ktCO2eq]



 

140 
 

Exogenous Transactions Units Results 

CO2- combustion - air ktons -36,600 

CH4- combustion - air tons -1,020 

N2O - combustion - air tons -557 

SOx- combustion - air tons -42,800 

NOx- combustion - air tons -89,600 

NH3- combustion - air tons -12 

CO - combustion - air tons -6,400 

NMVOC - combustion - air tons -3,220 

PM10 - combustion - air tons -5,010 

PM2.5 - combustion - air tons -3,140 

Energy Inputs from Nature: Total PJ -107 

Emission Relevant Energy Carrier: Total PJ -394 

Energy Carrier Supply: Total PJ -259 

Energy Carrier Use: Total PJ -435 

 
Table 70: aggregated results of Model 3.1 by sort of exogenous transaction 

 

7.5.2 Value added incremental matrix/vector: ∆V [M€]  
 
We can refer to it as vector or matrix because all value added types have been grouped in a 
single row as we have explained in the previous sections. We observe that the reduction of the 
electricity produced induces a detriment in the value added for the rest of the industrial sectors 
but in transportation & storage and, obviously, in the manufacturing industry: the former 
industry and the electricity supply sector undergo the strongest increments and reductions, 
respectively. In spite of the negative impact in many of the sectors, the final balance is positive 
so if the model were carried out successfully, we would move from 1,068,977 M€ to 1,069,052 
M€ of value added, increasing therefore the gross incomes and the GDP by 171 M€. 
 

7.5.3 Total production incremental matrix/vector: ∆x [M€]  
 
The evolution appreciated in the new total production follows the same tendency as the value 
added, leading into less production for most of the industries. Nevertheless, the positive values 
found in the manufacturing and transporting sectors do not counteract the further reductions 
of the productivity in other sectors. This may happen because households increase their 
expenses in the purchase of appliances reducing thus their demand in other products provided 
by other areas, reducing the total production with respect to 2015. 
 

7.5.4 Final demand matrix: ∆Yd [M€]  
 
Following the same presentation structure, the final demand variation has been aggregated into 
the 7 final demand types.  

 Despite the electricity-household-consumption reduction (-4,076.38 M€), the balance 
demonstrates a counterproductive increment in households’ expenses of 378 M€ due 
to the appliances purchase, as well as a counterproductive reduction in the number of 
exports because of the domestic demand. 
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 However, we have null changes in inventories and valuables, and positive results in 
regards to government investments that reach up to 27.5 M€ (in the manufacturing 
sector) as well as in the Spanish gross fixed capital formation (more than 45 M€). 

 
 

 
Figure 52: graphic results for final demand incremental matrix by group, once applied the shock of Model 3.1 

 

7.6 Model 3.2 Results: Fridges & Freezers Penetration 
 
In this section, we will describe the results for the second model, in which A+++ fridges and 
freezers would be installed in the Spanish houses’ kitchens. Likewise, we will picture the results 
of the incremental matrixes presented in the calculus, deepening in the exogenous transactions 
matrix.  Subsequently, the outcomes obtained by the shock application will be also analysed in 
order to provide a final assessment for the convenience from different perspectives, in 
comparison besides with the model 3.1. 
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Figure 53: graphic results for the exogenous transactions, value added and total production incremental matrixes by 

group, once applied the shock of Model 3.2 

∆F [ktCO2eq] ∆V [M€] ∆x [M€] 

A - Agriculture, forestry, fishing -0.43 -1.20 -2.35 

B - Mining and quarrying -203.24 -136.17 -353.00 

C - Manufacturing -2.21 956.42 844.00 

D1 - Electricity supply -27,231.73 -1,362.40 -3,220.00 

D2 - Gaseous fuels supply -8.97 -36.15 -238.00 

E - Steam and water supply -0.37 -3.06 -5.91 

F - Construction -0.73 -5.04 -12.10 

G - Waste management -0.27 -476.68 -699.00 

H - Transportation and storage -14.53 -90.56 -169.00 

JtU - Services -24.72 -1.33 -3.11 

Total -27,487.20 -1,156.16 -3,860.00 

 

Table 71: numeric results for the exogenous transactions, value added and total production incremental matrixes by 
group, once applied the shock of Model 3.2 
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7.6.1 Exogenous transactions incremental matrix: ∆F [ktCO2eq]  
 
We have pictured the total amount delivered in combustions in CO2eq units, so for our calculus 
we the CO2, CH4 and N2O have been considered. To transform the results for methane and 
dinitrogen monoxide in the shock analysis from kg to CO2 equivalent-kilotons the GWP.  
 

 
 

Figure 54: 𝐶𝑂2-equivalent emissions for the BAU scenario (orange color) and the projected scenario of Model 3.2 
(green color) 

 
We can then compare the matrixes 𝐹1 and 𝐹0 and observe the differences regarding CO2-
equivalent emissions in the table and the bar chart below. 
 

 
𝐹1 [ktCO2eq] 𝐹0 [ktCO2eq] 

86. Manufacture 538.35 540.26 

96-104. Electricity Production 46,278.26 77,197.67 

Residential sector 34,750.35 59,632.45 

Spain 191,013.09 229,372.00 

 
Table 72: 𝐶𝑂2-equivalent emissions for the BAU scenario and the projected scenario of Model 3.2 

 
According to the data provided by REE, we recall that the CO2eq emissions reported in 2015 
reached almost 77.2 MtCO2eq. The scrappage plan would result then in CO2 savings for all 
industrial activities but in the manufacturing sector, again because of a greater appliances 
production. As a result, the reductions achieved in CO2 emissions are close to 27.5 MtCO2eq, 
almost 10 MtCO2eq less in comparison to the potential of the scrappage plan. Moreover, we 
also obtain, proportionally, emissions reductions for other high-pollutant emissions: 
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Exogenous transaction Units Results 

CO2- combustion - air ktons -27,400 

CH4- combustion - air tons -833 

N2O - combustion - air tons -417 

SOx- combustion - air tons -31,900 

NOx- combustion - air tons -67,200 

NH3- combustion - air tons -12 

CO - combustion - air tons -5,290 

NMVOC - combustion - air tons -2,490 

PM10 - combustion - air tons -3,740 

PM2.5 - combustion - air tons -2,350 

Energy Inputs from Nature: Total PJ -81 

Emission Relevant Energy Carrier: Total PJ -296 

Energy Carrier Supply: Total PJ -195 

Energy Carrier Use: Total PJ -330 

 
Table 73: aggregated results of Model 3.2 by sort of exogenous transaction 

 
 

7.6.2 Value added incremental matrix/vector: ∆V [M€]  
 
The total added value in this second model presents great differences with respect to the 
evolution obtained with an absolute change of electrodomesticos in the Spanish territory. On 
the one hand, we see that the manufacturing sector barely reaches 1 billion€ whereas in the 
previous case it is more than doubled. In addition, the rest of the sectors are negatively affected 
to a greater extent, above all waste management, reaching a reduction of 476 M€. The only 
sector that has benefited has been services (net increase nil). Therefore, the balance of the 
action plan, in this case, is negative, decreasing the GDP by 3.86 billion€. 
 

7.6.3 Total production incremental matrix/vector: ∆x [M€]  
 
Again the country's production is damaged except for the manufacturing sector. The detrimental 
results are repeated, accentuated in the same sectors as for the analysis of the GDP, being the 
electric sector the one that comes out worse: it would reduce its annual production by an 
economic equivalent of more than 3.000 million €. 
 

7.6.4 Final demand matrix: ∆Yd [M€]  
 
Following the same presentation structure, the final demand variation has been aggregated into 
the 7 final demand types, and it has llamative differences with respect to the model 3.1. 

 Considering the electricity-household-consumption reduction (-3,015.02 M€), the 
completely renovation of fridges and freezers results into savings for households’ 
electricity bill, concretely in 1,117.9 M€/year. Therefore, every Spanish would save on 
average 24.8 € annually. 
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 On the contraty, this model would not contribute to possible savings in the NPISH 
although the government would do it, with null expenses. The exports decrease in the 
same number as model 3.1. 

 

 
 

Figure 55: graphic results for final demand incremental matrix by group, once applied the shock of Model 3.1 
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8 Conclusions and Future Research Areas 
 
 
As we can infer from the results already discussed, the shock analysis is a tool which returns a 
wide range of outcomes in different categories and measuring units (emissions, monetary, 
energy and so on). We must evaluate whether the plan proposed provides economic benefits 
for the main stakeholders, i.e. households suffering from energy poverty and the Spanish nation 
represented by the government in terms of national expenditures or investments required.  
 
For our analysis it is of the upmost importance to consider the project’s lifetime to correctly 
account for the expenses and savings that take place with the passing of years. The monetary 
increments introduced regarding household expenditures in appliances acquisition and 
electricity use in the final demand matrix, as well as the exports reduction, had been annualised.  
From the total production and value added vectors it is possible to deduce that, even with the 
reduction in exports, the manufacturing sector would become benefitted by the scrappage plan.  
However, it turns out that this does not occur for the great part of sectors and household 
expenditures. Hence, the government should provide a subsidy to finance the households’ 
expenditure, justified in the great emissions reduction and associated monetary savings that 
would result from the EU ETS. According to the report [11] we can expect that, for a business-
as-usual (BAU) scenario, the mean carbon credits price could be considered 30€/tCO2eq on 
average (from 2015 to 2030 in accordance to the graph below). 
 

 
Figure 56: correlated evolutions of GHGs emissions and ETS carbon prices from 2015 to 2050 

 
Considering the above price, the power plants could sell their emission rights and thus 
compensate for their lower production over the 12 years of average life estimated for the 
duration of the project. Herein, we show what would be the final balance for the sale of the coal 
credits and its repercussion in the added value ∆V ’. The benefits are clear: 

 Model 3.1: the electricity supply sector would receive more than 1 billion€, reducing its 
losses in more than 50% and increasing therefore the Spanish GDP in more than 1 
billion€ with respect to 2015. 

 Model 3.2: the benefits in this case do not reach 1,000 M€ since a lower emissions 
reduction is achieved. Nevertheless, the electricity sector saves more than 100 M€ 
losses with respect to model 3.1. Finally, what we would achieve is a lower deficit in the 
GDP, moving from a negative increment of more than 1 billion€ to 331 M€. 
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Model 3.1 Model 3.2 

∆F [ktCO2eq] -36,783.09 -27,487.20 

EU ETS Benefit [M€] 1,103.49 824.62 

D1 - Electricity supply ∆V ’ [M€] -666.51 -537.78 

Spanish ∆V ’ [M€] 1275.08 -331.54 

 
Table 74: economic balance considering benefits from emissions savings and impact on the added value matrix 

 
In addition to the benefits in the GDP, we will discuss whether the indicators analysed during 
the first chapters and the intended national action plans would be achieved or not. Besides, we 
will compare the pros and cons that each model provides in general terms, given that the 
detailed results are provided in the previous parts. 
 
AEAs for Spain since 2014. according to 2013/162/EU and 2013/634/EU: by 2020, it was set that 
Spain will emit around 210 MtCO2. With our two proposals, at the end of the first year the scope 
would be completely achieved. The emissions regarding the scrrappage plan potential emissions 
are expected to be less than 182 MtCO2, while the implementation of the second model would 
lead into 191 MtCO2released to the atmosphere. If we extrapolate these results to 12 years, the 
plans would save up to 441 MtCO2 and 329 MtCO2, respectively. 
 
Both the target of reducing emissions by 2020 and by 2030 in 54 MtCO2and 122 MtCO2, 
respectively, would be easily achieved. In the second case, the first model would take less than 
3 years to reach this goal, while the second model would meet the scope reduction by 2019. 
 

“Investments in the order of 27,000 M€ both public and private are necessary until 2020.”  
1. Model 3.1: an investment of 378 M€ per year by the government is needed to cover the 

users' outlay, although the country's GDP would improve globally, penalizing the activity 
of other sectors. The total investment required during 12 years would be of 4,536 M€. 

2. Model 3.2: Spanish households would save around 25€/year for the simple fact of 
renewing refrigerators and freezers. However, the renovation plan would lead to a fall 
in national production and could lead to an economic deficit in that year, as GDP would 
be reduced by almost €1.2 billion€. 

 
“Savings in the order of 21,000 M€ that extend beyond 2020 reaching the 62,000 M€ 
accumulated to 2030 should be obtained.” Non of the models would produce such savings at a 
national level. The only positive savings that result from both proposals lay on households’ 
savings, summing up to 13,500 M€ for the next 12 years. 
 
The renovation of buildings would also require the greatest investment (almost 16 billion€). 
Some of the pursued objectives (already mentioned in chapter 2) would be also met and others 
not, as we point below: 

 “average annual generation of 45,000 jobs”: No. It has been estimated that 32,000 new 
jobs would be created. 
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 “savings from 2014 to 2020 of EUR 494 million/year” (3.5 billion€ in total). No/Yes: The 
scrappage plan potential increases the final consumption expenditure by households, 
while the second model proposed would meet this objective. 

  “2.79 MtCO2 in residential and 2.25 from 2015 to 2020.” Yes: it has been already 
discussed that this target would be easily achieved. 

 “Savings from 2014 to 2020 of 5,612 GWh/year”. Yes: in chapter 6 we have 
demonstrated that the implementation of the model 3.1 would save almost 12.5 TWh 
of electricity production, and the second model almost 10 TWh. 

 “145 TWh savings in Primary Energy…” 
o No: in tables 71 and 74 we observe that total energy savings for the first model 

result in 435 PJ (120.8 TWh), while the model 3.2 would save almost 330 PJ (91.5 
TWh). 

 “…and 54 TWh from fossil to renewable.” 
o Yes: non of the proposed plans would shift electricity production coming from 

non-renewable sources to renewables. However, we could analyse the total 
savings resulting from less electricity generation produced by fossil fuels (coal, 
natural gas and oil products) in terms of energy. The following table provides 
the annual energy saved from fossil fuels. 

 

Model 3.1 [TWh] Model 3.2 [TWh] 

  96. Electricity by coal 107.63 80.28 

  97. Electricity by gas 5.77 4.38 

101. Electricity by petroleum and oil  1.48 0.83 

 
Table 75: energy savings obtained by the implementations of Model 3.1 and 3.2 

 
“In 2015 there was an improvement of 7% in gross value added for the manufacturing industry”. 
Yes: the penetration of fridges and freezers A+++ in the national territory would increase the 
gross value added of the sector by 12.04%. On the other hand, the model 3.1 would improve 
this sector regarding value added by 29.86%. 
 
Energy poverty indicators: Yes: while the second model leads to savings in the residential sector, 
the first one would require a government subvention that could come from the positive 
increment obtained in the GDP.  
 
Electricity prices: taking the results from figure 2, we could provide the new equivalent PPS price 
for electricity w/o taxes. The rent of measurement and control equipment is 0.044712 €/day, 
equivalent to 0.00344 €/kWh if we consider the mean electricity consumption for 2015 (4,742 
kWh/year). 
 

 2015 Model 3.1 Model 3.2 

Pre-taxes price: PVPC [€/kWh] 0.1974 0.1945 0.1949 

Pre-taxes price: PVPC [PPS €/kWh] 0.27 0.266 0.267 

Post-taxes price: PVPC [€/kWh] 0.311 0.307 0.308 

Post-taxes price: PVPC [PPS €/kWh] 0.195 0.192 0.193 

 

Table 76: electricity prices disaggregation with and without taxes in 2015 and for both models 
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8.1 Future Researching Lines and Suggested Guidances 
 

Spain is immersed, within the European framework, in an energetic transformation. It would 
allow to comply with the European emission reduction targets of GHG and decarbonization of 
the economy, ensuring supply and economic growth of Europe, and in which one of the 
fundamental pillars is Research and Innovation. As far as this project is concerned, research and 
improvement in data accuracy could be carried out, as suggested below. 
 
It would be necessary to broaden the research by knowing the mix of efficient domestic 
appliances in Spain, in order to know which types are worth replacing or not. This is achieved 
with electricity meters installed in the houses that, since 2015, are in force according to the 
Spanish regulation. Through these devices it is possible to know the consumption of each 
household and obtain a more accurate breakdown. 
 
Be aweare of actual household consumption through microdata information sources (such as 
Eurostat), and thereby evaluate which appliances are the most used during peak hours, 
according to consumption habits. In this way, one could know what is more worth replacing, 
according to the price relationship between electricity and investment. 
 
With regard to the target and the scope of the plan, it is recommended to focus the action line 
towards rural areas because they are most shaken by energy poverty. In section 3.1.2, where 
energy poverty in Spain is studied, it is claimed that 10.56% on average of Spanish population 
suffer from energy poverty. Indeed, this number increases up to 13.34% in certain rural areas 
according to [53].  
 
Promote renovation plans aimed at the Canary and Balearic archipelagos, as well as the 
autonomous cities of Ceuta and Melilla. Since the electricity generation mix is based on the 
combustion of oil products and the use of turbomachines and diesel engines, the price rises and 
emissions increase, causing the CO2 intensity to grow locally (emissions increase while the GDP 
is reduced by greater electricity expenditure).  
 
The modus operandi of the spot market and the functioning of auctions should be changed. It is 
considered that the auction matching price should not be the highest price offered by the 
electricity companies (which is the case most of the time with hydroelectric plants, which come 
to the market when demand increases and, therefore, the auction price is higher). The cost of 
electricity, therefore, the spot market should weigh the price at which the energy is sold by each 
of the plants participating in the auction. 
 
On the whole, the way forward must align the results of the proposed projects with the 
proposed European and national objectives. It is recommended to focus on citizenship through 
communication, information, and awareness-raising actions. Raising public awareness of the 
importance of achieving energy goals while justifying the associated benefits (social, economic 
and health) must be one of the means to carry out all the measures that are proposed. 
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